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ABSTRACT
This dissertation proposes the use of the emerging Micro-Electro-Mechanical Systems
(MEMS) and agile lensing optical device technologies to design novel and powerful
signal conditioning and sensing modules for advanced applications in optical
communications, physical parameter sensing and RF/optical signal processing.

For

example, these new module designs have experimentally demonstrated exceptional
features such as stable loss broadband operations and high > 60 dB optical dynamic range
signal filtering capabilities. The first part of the dissertation describes the design and
demonstration of digital MEMS-based signal processing modules for communication
systems and sensor networks using the TI DLP (Digital Light Processing) technology.
Examples of such modules include optical power splitters, narrowband and broadband
variable fiber optical attenuators, spectral shapers and filters. Compared to prior works,
these all-digital designs have advantages of repeatability, accuracy, and reliability that are
essential for advanced communications and sensor applications. The next part of the
dissertation proposes, analyzes and demonstrates the use of analog opto-fluidic agile
lensing technology for sensor networks and test and measurement systems. Novel optical
module designs for distance sensing, liquid level sensing, three-dimensional object shape
sensing and variable photonic delay lines are presented and experimentally demonstrated.
Compared to prior art module designs, the proposed analog-mode modules have
exceptional performances, particularly for extreme environments (e.g., caustic liquids)
where the free-space agile beam-based sensor provide remote non-contact access for
physical sensing operations. The dissertation also presents novel modules involving
hybrid analog-digital photonic designs that make use of the different optical device
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technologies to deliver the best features of both analog and digital optical device
operations and controls. Digital controls are achieved through the use of the digital
MEMS technology and analog controls are realized by employing opto-fluidic agile
lensing technology and acousto-optic technology. For example, variable fiber-optic
attenuators and spectral filters are proposed using the hybrid design. Compared to prior
art module designs, these hybrid designs provide a higher module dynamic range and
increased resolution that are critical in various advanced system applications. In
summary, the dissertation shows the added power of hybrid optical designs using both the
digital and analog photonic signal processing versus just all-digital or all-analog module
designs.

iv

To my parents, Syed Mehdi Raza and Rukhsana Raza

v

ACKNOWLEDGMENTS

It is quite impossible to acknowledge the various individuals and institutions to all I am
thoroughly indebted for what I have achieved professionally and personally as an
individual. Daunting as it is, I will attempt to acknowledge all the people who have
shaped my life leading to the completion of the doctoral degree.

First of all, I am extremely thankful to my parents Syed Mehdi Raza and Rukhsana Raza
for lending me their trust and support at the toughest of junctures during this long and
challenging journey of scholarship and knowledge. Only I know how much I have missed
them for the past ten years. I am forever indebted to them for providing me with the best
education and never for a moment drawing back on the promise they made to themselves
and me. My only sibling Syed Shimail Reza obviously gets a special mention for being
the nucleus of my beautiful family.

The biggest reason I am writing this doctoral thesis today is my advisor Dr. Nabeel A.
Riza. Without his intellectual contributions and unrelenting and unconditional support
and encouragement, this Ph.D. degree could have been a nightmare instead of the
pleasure it has been. It was he who put his trust in me and his guidance, personal interest
in my development and perseverance are things that I shall never forget. I am indebted to
him for as long as I live.

vi

Friends have been an integral part of my life. Although space is limited to mention all
their names and even more limited to enumerate their individual influences in my life, I
would take this opportunity to thank some very special ones who at times trusted me
more than I could trust myself. I thank Altamash Hai Khan, Saad Masood Khan, Fahd
Rafi, Qiong Song, Katherina Schmitt, Rehan Muzaffar, Salman Khan, Jessica McEwen
Khan, Xinli Geng and Rizwan Khalid for their true friendship and unconditional love that
they showered upon me for all these years. The weight of their friendships is enormous
and I can never do justice to thank these comrades for helping me shape into what I am
today. My stay in Orlando has been an unforgettable one. I thank Adeel Abbas Rizvi,
Magdalena Lasota-Morales, Nazim Ashraf, Kamran Sadiq, Faraz Hussain, Saad Ali,
Ashar Ahmed, Ilhan Kaya, Imran Saleemi, Nazar Khan and Syed Zain Masood for
making my experience in Orlando an indelible one.

I also thank the CREOL staff for always being very helpful and for making my stay in the
department a memorable one. Special thanks go to Rachel Franzetta whom I call
“Mommy” for her motherly presence which made me feel at home away from home. I
also thank my PIPS Lab colleagues Dr. Farzan Ghauri, Dr. Mumtaz Sheikh, Dr. Matteo
Gentili and Philip Marraccini, not only for their technical insight but also for making my
stay a memorable experience.

I thank Prof. Heinz Schmiedel at the Darmstadt University of Applied Sciences for
always standing by my side and often going out of his way to help me. I thank all my
teachers at Froebel’s International School who laid the foundation of my educational

vii

career. I thank my Ph.D. committee members Prof. Dr. Boris Zeldovich, Prof. Dr.
Demetri Christodoulides and Prof. Dr. Thomas Wu for their technical insight that helped
me immensely along the way.

Finally, I also thank all my professors at the Ghulam Ishaq Khan Institute of Engineering
Sciences and Technology for inspiring me to take up a career in scientific research. I also
thank all my teachers at Froebels International School, specially Mr. Munawar Ahmed
for teaching me the core fundamentals of mathematics which have helped me all along
my educational career.

viii

TABLE OF CONTENTS

ABSTRACT ...................................................................................................................... iii
ACKNOWLEDGMENTS ............................................................................................... vi
TABLE OF CONTENTS ................................................................................................ ix
LIST OF FIGURES ....................................................................................................... xiii
LIST OF TABLES .......................................................................................................... xx
LIST OF ABBREVIATIONS ....................................................................................... xxi
CHAPTER 1 INTRODUCTION ..................................................................................... 1
CHAPTER 2 SMART VALUE ADDED FIBER-OPTIC MODULES USING
SPATIALLY MULTIPLEXED PROCESSING ............................................................ 4
2.1 Introduction ............................................................................................................... 4
2.2 Smart VAM Design using Spatially Multiplexed Processing ................................. 10
2.3 Proof-of Concept VAM Experiment using a DMDTM............................................. 21
2.4 Conclusion ............................................................................................................... 32
CHAPTER 3 BROADBAND ALL-DIGITAL VARIABLE FIBER-OPTIC
ATTENUATOR USING DIGITAL MICRO-MIRROR DEVICE ............................ 33
3.1 Introduction ............................................................................................................. 33
3.2 Proposed Design ...................................................................................................... 34
3.3 Experimental Demonstration ................................................................................... 37
3.4 Conclusion ............................................................................................................... 41
CHAPTER 4 A LIQUID LENS-BASED BROADBAND VARIABLE FIBER
OPTICAL ATTENUATOR ........................................................................................... 42

ix

4.1 Introduction ............................................................................................................. 42
4.2 Proposed Liquid Lens Variable Fiber-Optic Attenuator Design ............................. 44
4.3 Experiment............................................................................................................... 51
4.4 Conclusion ............................................................................................................... 58
CHAPTER 5 HIGH DYNAMIC RANGE VARIABLE FIBER OPTICAL
ATTENUATOR USING DIGITAL MICROMIRROR AND OPTO-FLUIDICS ... 59
5.1 Introduction ............................................................................................................. 59
5.2 The Proposed MEMS-Optofluidic VFOA Design .................................................. 60
5.3 Experimental Demonstration ................................................................................... 64
5.4 Conclusion ............................................................................................................... 68
CHAPTER 6 HYBRID ANALOG-DIGITAL DESIGN MEMS SPECTRAL
PROCESSOR FOR SIMULTANEOUS GAIN SLOPE AND CHANNEL
EQUALIZATION CONTROLS.................................................................................... 69
1 Introduction .................................................................................................................. 69
6.2 Hybrid Analog-Digital Spectral Processor Design .................................................. 70
6.3 Experimental Demonstration ................................................................................... 74
6.4 Conclusion ............................................................................................................... 76
CHAPTER 7 HIGH DYNAMIC RANGE HYBRID ANALOG-DIGITAL
CONTROL BROADBAND OPTICAL SPECTRAL PROCESSOR USING
MICROMIRROR AND ACOUSTO-OPTIC DEVICES ............................................ 77
7.1 Introduction ............................................................................................................. 77
7.2 Proposed Design ...................................................................................................... 78
7.3 Experimental Demonstration ................................................................................... 82

x

7.4 Conclusion ............................................................................................................... 86
CHAPTER 8 NON-CONTACT DISTANCE SENSOR USING SPATIAL SIGNAL
PROCESSING................................................................................................................. 87
8.1 Introduction ............................................................................................................. 87
8.2 Proposed Sensor Design .......................................................................................... 88
8.3 Experimental Results ............................................................................................... 92
8.4 Conclusion ............................................................................................................... 96
CHAPTER 9 AGILE LENSING-BASED NON-CONTACT LIQUID LEVEL
OPTICAL SENSOR FOR EXTREME ENVIRONMENTS ...................................... 97
9.1 Introduction ............................................................................................................. 97
9.2 Proposed Liquid Level Sensor Design using Agile Lensing ................................... 99
9.3 Experimental Demonstration ................................................................................. 106
9.4 Conclusion ............................................................................................................. 115
CHAPTER 10 SMART AGILE LENS REMOTE OPTICAL SENSOR FOR
THREE DIMENSIONAL OBJECT SHAPE MEASUREMENTS .......................... 117
10.1 Introduction ......................................................................................................... 117
10.2 Proposed Agile Lens Smart Shape Sensor Design .............................................. 119
10.2.1 3-D Object Feature Depth Measurement Technique .................................... 120
10.2.2 3-D Object Feature Transverse Measurement Technique ............................. 123
10.2.3 Sensor Beam Physics for the Beam Scan and Beam Flooding Techniques .. 125
10.3 Three Dimensional Shape Sensing Experiment .................................................. 131
10.4 Implications for 3-D Information Capture and Transfer ..................................... 142
10.5 Conclusion ........................................................................................................... 148

xi

CHAPTER 11 AGILE LENS-BASED BROADBAND VARIABLE PHOTONIC
DELAY LINE ................................................................................................................ 149
11.1 Introduction ......................................................................................................... 149
11.2 Proposed Agile Lens-Based VPDL Design ......................................................... 150
11.3 Experimental Demonstration of the Agile-Lens Based VPDL ........................... 154
11.4 Conclusion ........................................................................................................... 162
APPENDIX A SUPPLEMENTARY CALCULATIONS FOR PROPOSED
DISTANCE SENSOR ................................................................................................... 163
APPENDIX B DESCRIPTION OF GAIN/SLOPE EQUAIZATION FOR THE
PROPOSED GAIN SLOPE HYBRID EQUALIZER ............................................... 167
APPENDIX C OPERATION PRINCIPLE OF ELECTROWETTING
TECHNOLOGY-BASED AGILE LENS ................................................................... 171
REFERENCES .............................................................................................................. 174

xii

LIST OF FIGURES

Figure 1 (Fig.2.1) (a) The present day VAM, (b) Use of VAMs in todays Collection
Network scenario, (c) Use of VAMs in distributed network scenarios. ............................. 6
Figure 2 (Fig.2.2) Proposed smart VAM and its (a) Bypass mode and (b) its test or tap
mode. As an example, the smart VAM uses a 90/10 split ratio. ....................................... 12
Figure 3 (Fig.2.3) Proposed 90/10 smart splitter modules used to used to form the
proposed smart VAMs. (a) Bypass-Mode and (b) Test-Mode of the smart splitter modules
used to operate the smart VAM modes. ............................................................................ 15
Figure 4 (Fig.2.4) An alternate implementation of the 90/10 smart splitter module used to
form the proposed smart VAM. Here, polarization optics is used in a transmissive module
design to control beam routing and tap level. Each smart splitter module consists of an
input fiber-lens port and two output fiber-lens ports, within which are three beam
displacing prisms (BDPs) and two macro-pixel based polarization rotation devices. ...... 19
Figure 5 (Fig.2.5) Demonstrated smart VAM design using a DMDTM Chip, C: Circulator,
FL1/FL2 : fiber lens 1 /fiber lens 2. .................................................................................. 22
Figure

6

(Fig.2.6)

DMDTM-based

smart

VAM

utilization

and

experimental

characterization in a dual-user RF communication FO link. L : Laser, IOM: Integrated
Optic Modulator, IOC : Integrated Optic Combiner, PD : Photo-Detector, A : RF
Amplifier, RF SA : RF Spectrum Analyzer. ..................................................................... 25
Figure 7 (Fig.2.7) Measured RF1 (45MHz) and RF2 (50MHz) spectrum. Analyzer power
traces for VAM optical power split ratios of (a) 50 : 50, (b) 10 : 90, (c) 20 : 80, (d) 66.66
: 33.33, (e) 30 : 70, and (f) 25 : 75. ................................................................................... 29

xiii

Figure 8 (Fig.3.1) Proposed broadband VFOA design using DMD. ................................ 35
Figure 9 (Fig.3.2) The demonstrated broadband (1530-1560 nm) VFOA operations for
optical attenuation settings of 0, 5, 10, 15, 20 and 25 dB. ................................................ 41
Figure 10 (Fig.4.1) The proposed broadband VFOA design using a voltage controlled
liquid lens and two Single Mode Fiber (SMF)-coupled fiber lenses FL1 and FL2. Solid
line: Zero attenuation setting; Dashed line: Voltage controlled attenuation setting; α:
Wedge angle...................................................................................................................... 46
Figure 11 (Fig.4.2) Liquid lens design using two different fluids A and B shown in (a)
concave, (b) no lens and (c) convex interface settings. .................................................... 47
Figure 12 (Fig.4.3) (a) Liquid lens approximately acting as an electronically controlled
optical wedge, (b) Ray trace of light through liquid lens material interfaces. .................. 48
Figure 13 (Fig.4.4) Plot of known refractive indices and extrapolated refractive index
values of glass, Liquid A and Liquid B at wavelengths from 400 nm to 1600 nm and
temperature of 20 deg-C. .................................................................................................. 53
Figure 14 (Fig.4.5) Calculated values of beam tilt angle θ versus liquid lens applied
voltage. .............................................................................................................................. 53
Figure 15 (Fig.4.6) Calculated and experimentally measured VFOA attenuation values
versus liquid lens Root Mean Square (RMS) applied voltage. ......................................... 54
Figure 16 (Fig.4.7) Measured VFOA broadband operation at (a) 0 dB, (b) 15 dB and (c)
30 dB attenuation levels for C-Band operations with OSA resolution of 10 dB/div. (d)
Measured higher resolution VFOA broadband response at 3 dB attenuation setting with
Optical Spectrum Analyzer attenuation resolution of 2 dB/division. ............................... 56

xiv

Figure 17 (Fig.4.8) The measured 3-dB bandwidth of the VFOA showing a 1510 nm to
1700 nm response. ............................................................................................................ 57
Figure 18 (Fig.5.1) Proposed hybrid Analog-Digital VFOA design using the DMD and an
Electronically Controlled Variable Focus Lens (ECVFL)................................................ 61
Figure 19 (Fig.5.2) VFOA attenuation levels of (a) 10 dB and 19 dB achieved with only
the ECVFL. ....................................................................................................................... 65
Figure 20 (Fig.5.3) VFOA attenuation level of 50 dB with 31 dB attenuation due to DMD
and 19 dB attenuation due to the ECVFL. ........................................................................ 66
Figure 21 (Fig.5.4) Theoretical and experimental plots of ECVFL-based attenuation
versus ECVFL applied voltage. ........................................................................................ 67
Figure 22 (Fig.6.1) Proposed Hybrid Design Analog-Digital MEMS Spectral Processor
for Simultaneous Gain Slope and Channel Equalization Controls. .................................. 72
Figure 23 (Fig.6.2) Measured example positive gain slopes of (a) 0.67 dB/nm and (b)
1.16 dB/nm from the Hybrid Spectral Processor. Trace Horizontal Scale: 3 nm/div;
Vertical Scale: 10 dB/div. ................................................................................................. 74
Figure 24 (Fig.6.3) Measured example negative gain slopes of (a) - 0.67 dB/nm and (b) 1.16 dB/nm from the Hybrid Spectral Processor. Trace Horizontal Scale: 3 nm/div;
Vertical Scale: 10 dB/div. ................................................................................................. 75
Figure 25 (Fig.6.4) (a-d) Measured example gain slopes with notches from the Hybrid
Spectral Processor. Trace Horizontal Scale: 3 nm/div; Vertical Scale: 10 dB/div. ......... 76
Figure 26 (Fig.7.1) Proposed hybrid analog-digital controls spectral processor using an
AOTF device and a DMD. ................................................................................................ 80

xv

Figure 27 (Fig.7.2) Tuned single wavelength spectral attenuation control shown over a
high ~ 50 dB dynamic range with four attenuation settings at 1565 nm. With respect to a
reference zero attenuation setting, OSA traces show a first attenuation produced via
analog controls of AOTF, a second attenuation produced by digital control of DMD, and
a third (highest) ~ 50 dB attenuation produced by full analog-digital controls of both
AOTF and DMD. .............................................................................................................. 84
Figure 28 (Fig.7.3) OSA trace showing broadband attenuation controls demonstration
with simultaneous DMD-only controls at 1537 nm, AOTF-only controls at 1545 nm, and
hybrid AOTF-DMD controls at 1555.5 nm. ..................................................................... 85
Figure 29 (Fig.8.1) Proposed distance sensor using spatial signal processing. ................ 89
Figure 30 (Fig.8.2) Sensor theoretical and experimental plots for the target distance
versus the required ECVFL control voltage for formation of target minimum beam spot.
........................................................................................................................................... 93
Figure 31 (Fig.8.3) Minimum beam spot (and measured size) viewed on the CCD during
sensor measurement operations for a target distance of 30cm with ECVFL control
voltages of (a) 40V, (b) 42V, (c) 46V, (d) 50V and (e) 52V. ........................................... 94
Figure 32 (Fig.8.4) Plots of designed distance sensor target measurement resolution
versus target distance. Solid line is based on ECVFL voltage step criteria while the
dashed line is based on fundamental Rayleigh depth of focus parameter. ....................... 95
Figure 33 (Fig.9.1) (a) Proposed liquid level sensor using spatial signal processing. (b)
Sensor laser beam agile focus operation set for liquid depth level A reading
corresponding to smallest liquid illumination beam focus spot. Dashed lines represent
different liquid depth levels. ........................................................................................... 102

xvi

Figure 34 (Fig.9.2) Experimental setup of the proposed liquid level sensor. Note that the
liquid tank did not use a window given the friendly nature of liquids deployed in the
experiment....................................................................................................................... 107
Figure 35 (Fig.9.3) Sensor theoretical and experimental plots for the liquid depth level
versus the required ECVFL control voltage for formation of minimum beam spot on the
liquid surface for (a) motor oil, (b) laundry detergent and (c) vegetable oil. ................. 110
Figure 36 (Fig.9.4) Non-linear experimental response of the Varioptic ECVFL shown for
lens focal length F versus lens drive Voltage V. ............................................................ 112
Figure 37 (Fig.9.5) Minimum beam spot (and measured size) for the motor oil liquid
when viewed on the CCD during sensor measurement operations for a liquid depth level
DL of 30cm with ECVFL control voltages of (a) 51 V, (b) 48 V, (c) 45.5 V, (d) 43.3 V
and (e) 38 V. ................................................................................................................... 113
Figure 38 (Fig.9.6) Minimum beam spot (and measured size) for the laundry detergent
liquid viewed on the CCD during sensor measurement operations for a liquid depth level
DL of 45cm with ECVFL control voltages of (a) 50 V, (b) 47 V, (c) 43.5 V, (d) 40 V and
(e) 38.5 V. ....................................................................................................................... 114
Figure 39 (Fig.9.7) Minimum beam spot (and measured size) for the vegetable oil liquid
viewed on the CCD during sensor measurement operations for a liquid depth level DL of
0 cm with ECVFL control voltages of (a) 50 V, (b) 46 V, (c) 40 V. .............................. 114
Figure 40 (Fig.10.1) Proposed smart agile remote optical sensor for 3-D object shape
measurements. Spherical Lens: S1, Laser Source: LS, Electronically Controlled Variable
Focus Lens: ECVFL with Voltage Controller: VC......................................................... 120

xvii

Figure 41 (Fig.10.2) The sky-scraper structures test object (a) top view photograph, (b)
top view drawing, (c) side view photograph and (d) side view drawing. A US currency
Nickel (5 cents) coin is shown for scale comparison. ..................................................... 133
Figure 42 (Fig.10.3) Sensor calibration plots for (a) target distance vs applied voltage for
minimum spot size, (b) minimum and maximum spot diameters for different target
ranges, and (c) spot size dynamic range for different target distances. .......................... 135
Figure 43 (Fig.10.4) Mini sky-scraper structures feature extraction of Surface ‘A’ using
the flooding method implemented by agile lensing based beam expansion when Surface
‘A’ is 37.5 cm from the ECVFL. .................................................................................... 136
Figure 44 (Fig.10.5) Mini sky-scraper structures feature extraction of Surface ‘B’ using
an expanded beam of null-to-null diameter of 6 mm and employing low resolution
surface scanning by object motion.................................................................................. 137
Figure 45 (Fig.10.6) Reconstructed shape of the object mini sky-scraper structures 3-D
test using both flooding and scanning techniques........................................................... 139
Figure 46 (Fig.10.7) Block diagram of the computer algorithm used to determine beam
diameters. ........................................................................................................................ 141
Figure 47 (Fig.10.8) Transverse direction 3-D object spatial sampling by a scanning laser
beam using the (a) classic uncompressed data diffraction limited beam expanding laser
spot, (b) similar to classic unassisted laser beam scanning when ECVFL is in its flate nolensing state, (c) smart data compressed large beam spot size scanning using the ECVFL
in its diverging lens mode with spot size matched to target feature size AB, and (d) High
spatial resolution target feature sampling using the ECVFL in its converging lens mode
with laser spot smaller than target feature size. .............................................................. 145

xviii

Figure 48 (Fig.10.9) (a) Fixed laser spot size transverse beam scanned uncompressed
target feature mapping and (b) Agile lens smart laser beam spot size transverse beam
scanned compressed data target feature mapping. .......................................................... 147
Figure 49 (Fig.11.1) Proposed Agile Lens-based VPDL: Fiber Lens FL, Electronically
Controlled Variable Focus Lens ECVFL, Mirror M and Circulator C. .......................... 151
Figure 50 (Fig.11.2) The optical power level difference between F = FMin and F = FIdeal
ECVFL setting for a) D1 = 5cm, b) D1 = 10cm, and c) D1 = 15cm. ............................... 157
Figure 51 (Fig.11.3) Oscilloscope traces for a 500 MHz RF signal delay via the proposed
VPDL set for delays of a) 1/3 ns, b) 2/3 ns, and c) 1 ns. ................................................ 158
Figure 52 (Fig.11.4) Plots of broadband system response at F = FIdeal for mirror positions
of a) D1 = 0 cm, D1 = 5 cm, D1 = 10 cm, and D1 = 15 cm. ............................................. 160
Figure 53 (Fig.A1) Plots of (a) ECVFL focal length ‘F’ versus applied voltage ‘Vc’ and
(b) focal length minimum step ‘ΔF’ versus ‘Vc’. ........................................................... 165
Figure 54 (Fig.A2) Plots of (a) ECVFL measurement resolution versus DT and (b)
percentage measurement resolution versus ‘Vc’. ............................................................ 166
Figure 55 (Fig.B1) Zero slope state when FL is Bragg matched to the grating. ............ 168
Figure 56 (Fig.B2) Positive slope incurred to the broadband signal due to right-handed tilt
applied to the FL. ............................................................................................................ 169
Figure 57 (Fig.B3) Negative slope incurred to the broadband signal due to left-handed tilt
applied to the FL. ............................................................................................................ 170
Figure 58 (Fig.C1) Agile Lensing via Electrowetting Technology with the Application of
External Voltage. ............................................................................................................ 173

xix

LIST OF TABLES
Table 2.1 The relationship between Smart VAM optical power ratios and measured RF
signal power ratios for typical Smart VAM optical power split values. ........................... 27
Table 2.2 Measured Smart VAM performance versus RF and optical power ratio design
values. ............................................................................................................................... 27
Table 2.3 Smart VAM optical power ratio setting versus experimental mirror count used
to enable the desired power split ratios between the two output ports. ............................ 30
Table 4.1: Data sheet provided liquid lens variation in radius of curvature r(V) and clear
half-aperture R(V) with changing RMS voltage. .............................................................. 58

xx

LIST OF ABBREVIATIONS
1-D

One-Dimension, One-Dimensional

2-D

Two-Dimensions, Two-Dimensional

3-D

Three-Dimensions, Three -Dimensional

AC

Alternating Current

ADM

Add-Drop Multiplexer

AO

Acousto-optic

AOTF

Acousto-optic Tunable Filter

AR

Anti-Reflection

BDP

Beam Displacement Prism

BS

Beam Splitter

C

Circulator, Customer Site

CCD

Charge Coupled Device

CL

Cylindrical Lens

CREOL

Center for Research and Education in Optics and Lasers

dB

Decibel

DE

Diffraction Efficiency

DLP

Digital Light Processing

DMD

Digital Micro-Mirror Device

DOE

Department of Energy

DWDM

Dense Wavelength Division Multiplexed

EDFA

Erbium Doped Fiber Amplifier

ECVFL

Electronically Controlled Variable Focus Lens

xxi

EMI

Electro-Magnetic Interference

Eq.

Equation

Fig.

Figure

FL

Focal Length, Fiber Lens

FO

Fiber-optic

FWHM

Full-width at Half-maximum

G

Grating

GHz

Giga-Hertz

GRIN

Graded Refractive Index

HeNe

Helium-Neon

HWP

Half Wave Plate

Hz

Hertz

IF

Interference Filters

IOC

Integrated Optic Combiner

IR

Infrared

kHz

Kilo-Hertz

LC

Liquid Crystal

LD

Laser Diode

LS

Laser Source

LUT

Liquid Under Test

M

Mirror

MEMS

Microelectromechanical Systems

MHz

Mega-Hertz

xxii

NIR

Near Infra-Red

OA

Optical Amplifier

OE

Optical Equipment

OPR

Optical Power Ratio

OSA

Optical Spectrum Analyzer

PBS

Polarization Beam Splitter

PC

Polarization Controller

PCX

Plano Convex

PD

Photo-Detector

PDL

Polarization Dependent Loss

POF

Plastic Optical Fibers

Q

Quarter Wave Plate

QWP

Quarter Wave Plate

R

Receiver

RF

Radio Frequency

RFPR

Radio Frequency Power Ratio

RMS

Root Mean Squared

S

Spherical Lens

SA

Spectrum Analyzer

SLM

Spatial Light Modulator

SMF

Single Mode Fiber

SMP

Spatially Multiplexed Processing

SNR

Signal to Noise Ratio

xxiii

TE

Transverse Electric, Test Equipment

TEM

Transverse Electromagnetic

TI

Texas Instruments

TNLC

Twisted Nematic Liquid Crystal

TL

Tunable Laser

TM

Transverse Magnetic

T-R

Transmit-Receive

VAM

Value Added Module

VBG

Volume Bragg Grating

VC

Voltage Controller

VLSI

Very Large Scaled Integrated

VOA

Variable Optical Attenuator

VFOA

Variable Fiber Optical Attenuator

VPDL

Variable Photonic Delay Line

WDM

Wavelength Division Multiplexing

xxiv

CHAPTER 1
INTRODUCTION

Photonic systems are widely deployed in applications ranging from signal processing,
communication systems, biomedical imaging, sensing and test and measurement systems.
This dissertation presents novel modules with improved performance over prior works
for distinctly three areas of photonics; optical communications, sensors and signal
processing. The designs demonstrated use two of the most recent cutting-edge
technologies, namely MEMS and Opto-Fluidic technologies to deliver the improved
module performances such as in loss, dynamic range, bandwidth, resolution,
repeatability, and environmental robustness. Recently, digital MEMS technology has
been successfully commercialized for applications in optical projection systems and
image correction systems. The DLP (Digital Light Processing) technology has made a
significant impact in high definition television and projection systems. The repeatability
and reliability that are essential to these optical projection systems make the DLP
technology ideal for use in other optical systems desiring a reliable system performance.
MEMS-based optical techniques provide re-configurability, repeatability, robustness and
accuracy which are essential features in any communication system or a sensor network.

Meanwhile Opto-Fluidic technology is evolving with the use of agile lenses for cell
phone cameras and other hand-held devices. These variable focus lens designs ensure
1

repeatability and a high focal length tuning range. Some recent agile lens designs can be
tuned for both convex and concave operations. The latest agile lensing technology
offering this high tuning range and repeatability makes it a viable choice for test and
measurement systems used in communications and optical networks as well as remote
sensing applications.

This dissertation is divided into 11 chapters. Chapter 2 and Chapter 3 present an alldigital MEMS based variable optical power splitter [RR07a] (also known as a Value
Added Module) and an all-digital MEMS based broadband Variable Fiber Optical
Attenuator (VFOA) [RR07b]. The Texas Instruments (TI) Digital Micromirror Device
(DMD) is used for the demonstration of these modules. Specifically Chapter 3 reports the
first use of the DMD as an indigenous broadband device requiring no external spectral
shaping. Next, in Chapter 4, the first Opto-Fluidic lens technology based broadband
VFOA module [RR09a] is presented. The liquid lens Arctic 320 developed by Varioptic
is used as the Opto-Fluidic device for the implementation of this proposed design.
Expanding on the same theme, in Chapter 5, a narrowband VFOA [RR09b]
implementation is demonstrated. This proposed hybrid VFOA design uses both the
MEMS and Opto-Fluidic technologies to get a higher attenuation dynamic range and
analog/digital attenuation tuning capability compared to prior art designs. Chapter 6 and
Chapter 7 present novel designs using the DMD technology for hybrid spectral control.
Chapter 6 presents a MEMS based optical spectral equalizer for first time simultaneous
control of gain slope and channel equalization [RR07c] for Dense Wavelength Division
Multiplexed (DWDM) systems. This proposed design can be extremely useful in
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wavelength demanding communication and sensor networks. Next, Chapter 7 presents a
novel high dynamic range photonic spectral processor [RR08] with optical MEMS based
digital control and Acousto-Optic based analog control. These modules presented are also
expected to find applications in communication and sensor networks as well as test and
measurement systems.

Chapters 8, 9 and 10 focus on the theme of agile lensing-based remote optical sensors.
Chapter 8 presents the first Agile Lensing-based non-contact optical distance sensor
[RR09c] using spatial signal processing for real-time applications. Next, expanding on
this theme, Chapter 9 presents a liquid level sensor [RR10a] for extreme environments
which may include corrosive, caustic or high temperature/pressure scenarios.
Experimental results for different liquids are shown. Chapter 10 presents a 3-D shape
sensor [RR10b] which deploys the agile lens in a unique configuration which enables
depth scan as well as variable spatial sampling in the transverse measurement mode.
Finally in Chapter 11, a lossless free-space optical delay line for RF signals is presented.
This delay line employs the agile lensing operation for its broadband lossless response
despite its motion oriented design. The experimental results for this delay line are
presented in the chapter.

In conclusion novel high performance modules for communications, sensors and signal
processing are presented using the MEMS and Opto-Fluidic technologies. Each module
design has been verified with experimental results and detailed analyses. These modules
can be especially useful in future communications and sensor applications.

3

CHAPTER 2
SMART VALUE ADDED FIBER-OPTIC MODULES USING
SPATIALLY MULTIPLEXED PROCESSING

2.1 Introduction

Start with the business theme that the main communication signals should not undergo
any disruption, whether for testing or otherwise, as this discontinues service to the
customers. Therefore, given the growth in FO applications, particularly in FO
Wavelength Division Multiplexed (WDM) communication systems, there is a need to
build the test and monitoring sites along various junctures of a complex FO network.
These test sites ensure the service reliability that is critically needed for all aspects of a
network, from hardware to software systems. Today, the VAM, also called a tap coupler,
is the workhorse component of these test and monitoring sites where small amounts of
optical signals are tapped for reliability checks. These VAMs are required to be low loss
(< 1 dB) tap couplers operating within a 1500 nm to 1650 nm band with fixed tap levels
generally with 2%, 5%, 10%, or 20% tap levels. VAMs are required in many FO systems
involving components such as lasers, modulators, detectors, laser transmitters, optical
receivers, FO amplifiers, optical switches, testing and monitoring modules. They are also
used in WDM add-drop modules, optical gain controllers, and cross-connects.
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Add-Drop Multiplexers (ADMs) are extensively used in optical network test hubs or
collocation scenarios [D00]. Fig.2.1(a) shows a typical VAM interconnecting the
customer and service provider. The VAM uses two 1x2 splitter modules with a 90/10
split ratio as an example. For instance, the customer receives 90% of the signal
transmitted by the service provider while 10% of this signal is routed to the Test
Equipment (TE). In addition, the service provider receives 90% of the signal transmitted
by the customer while 10% of this signal is routed to the TE. As shown in Fig.2.1(b), a
typical collocation cage consists of a complex fiber management system with two
separate subsystems. One subsystem consists of the Optical Equipment (OE) bay, while
the other subsystem consists of the fiber termination bay containing many VAMs. Apart
from the collocation cage example, VAMs can also be used in a distributed network
architecture (see Fig.2.1(c)) such as in a metropolitan ring network. Here, unlike the
previous example, VAMs are being used in a cascaded configuration. These examples of
Fig.2.1 clearly indicate that VAMs are extensively used in FO networks.
VAM

Demarcation Point
Customer
Receives 90%

Service Provider Transmits
Signal
10% Routed for Test &
Monitoring
Service Provider Receives 90%
from Customer
Service Provider Transmits
Signal

90/10 Splitter

90/10 Splitter

Customer
Transmits Signal

(a)
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Optical Equipment (OE) Bay

(b)
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C
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C

C: Customer Site
TE: Test Equipment

TE

TE
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(c)
Figure 1 (Fig.2.1) (a) The present day VAM, (b) Use of VAMs in todays Collection
Network scenario, (c) Use of VAMs in distributed network scenarios.
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Apart from their use in a FO network, VAMs are also being used at the subsystem and
components level. This means that optical power, although a small amount per tap, is
being tapped away from the main network signal flow. In particular, the use of multiple
VAMs results in multiple power taps on the same signal line. The thing to note here is
that in general, all VAMs are not required to work at the same time or in other words, all
testing and monitoring is not done at the same time and all the time. This means that with
today’s VAMs being used in networks, power is always being sucked out of the network,
whether it is being used by the TE or not. Hence, it would be highly desirable to deploy a
reconfigurable or smart VAM that only taps the optical power when needed and in the
right amount. This chapter for the first time introduces and demonstrates such a smart
VAM based on using both reconfigurable and non-reconfigurable pixels within the SMP
context.

Today, fused fiber is the dominant technology for making fixed broadband FO tap
couplers. Here, by carefully controlling the coupling region between two or more fibers,
light of appropriate levels can be channeled into the desired ports for tapping [BDE97].
Although fused fiber devices can realize compact, mass produced components, presently
they suffer from certain limitations such as high losses and large variations in attenuation
levels with changing parameters such as polarization, wavelength, and fabrication
processes. An excellent alternative to using fused fiber devices is the use of thin film
Interference Filters (IF) to make both broadband and wavelength selective devices [D97].
These IF-based devices are fabricated at low costs using large area thin film deposition
techniques. Several layers of thin films can be precisely deposited to realize a stack of
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cavity filters with any desired wavelength reflective (or transmittance) response “W”.
Typically, these filters are realized on glass substrates that are cut and diced and used in
fiber lens-based optical structures. Here, light from a fiber lens wholly interacts with a
single IF chip with a wavelength response “W”, and the reflected (or transmitted) light is
collected by another fiber lens to be fed to an output fiber or fibers. Using IF-based chips
and Graded Index (GRIN) rod fiber lenses, various components have been realized such
as WDM couplers [MKC00, LT00, T97]. In general, fiber GRIN and other forms of
lenses have been used by themselves with other interconnection and packaging optics to
form couplers [G92].

A key thing to note in the prior works just cited is that they are all fixed or nonreconfigurable FO couplers. Another thing to note in the FO tap coupler prior works is
that they all employ the interaction of a single fiber-optic beam with a single beam
attenuating or wavelength perturbing (reflective or transmissive) element. In other words,
any fiber beam globally interacts with one non-reconfigurable (i.e., without electrical or
optical control) optical beamforming element or pixel. For example, a single predesigned
IF chip with a given W response is optically illuminated by the single beam emanating
from an optical fiber. Hence, the entire spatial beam is simultaneously effected by the one
IF optical response on the chip. Hence, prior works are examples of centralized singlepoint optical beam processing. Over the years, attempts have also been made to realize
variable fiber-optic couplers using various techniques such as altering the length of the
coupling regions [KHL81, KKH83, KSO91, KKP04], changing the refractive index in Yjunction waveguide [L85], rotating a fixed half-wave plate [YWL06], and programming
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an opto-VLSI chip [ZWA05]. More recently, translational motion of a broadband mirror
in combination with a chosen wavelength physically fixed IF plate have been used to
realize a 3-port wavelength sensitive Variable Fiber-Optic Attenuator (VOA) [SC04].
This VOA when modified by using the monitoring port as an optical tap output port
could be used as a reconfigurable tap coupler, although at the expense of requiring a
potentially large across the beam face translational motion of the mirror to change states
of the VAM. Thus, realizing a high performance high reliability programmable coupler
with minimal motion or no-moving parts to form a smart VAM stays a challenge.

Recently, for single-mode fiber optics, the concept of spatially distributed fiber-optic
beam processing using reconfigurable control pixels called a macropixel has been
introduced [R01a, R03]. For instance, the reconfigurable macropixel has been
implemented using MEMS technology based micromirrors and polarization rotators
using liquid crystals [RS98, RS00, RG05a, RH00, R05]. Continuing with the same spatial
processing theme, this chapter introduces a simple reconfigurable FO VAM design.
Specifically, the proposed VAM design is the first of its kind where reconfigurable pixels
are combined with non-reconfigurable pixels that are jointly coupled with single mode
fiber collimator lenses to simultaneously accomplish the tasks of pre-weighted light
coupling and routing controls. One way to look at the proposed smart VAM or
reconfigurable tap coupler is that it is a hybrid of the classic digital switch and a nonreconfigurable tap coupler. Recall that in a digital 1x2 FO switch, light goes either one
way or the other, but not simultaneously in both output ports. In a similar way, in a fixed
tap coupler, light always goes out to both output ports with a predesigned split ratio. In
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the proposed reconfigurable tap coupler, both capabilities of the fixed tap coupler and
digital switch are captured in one simple device that is called the smart VAM or
reconfigurable tap coupler. The preferred implementation of the reconfigurable tap
coupler uses MEMS micromirror-based reflection optics, where two micro-mirror pixels
are designed to have their specific location, size, and shape that in turn controls the
coupler split ratio. These SMP macropixels are combined with a fiber lens with three
fibers to form a reflective design smart VAM. This implementation of the SMP
macropixel chip has only one reconfigurable or electrically controlled pixel that is used to
change VAM modes from bypass (no tap) to tap mode. Unlike the original macro-pixel
based VOA or 3-port fiber component design where many electrically controlled pixels
are deployed [R01a], the proposed smart VAM has an inherently simpler design with
fewer moving parts. The rest of the chapter describes the basis of proposed VAM design
and an example VAM experiment that simulates the dual-pixel VAM design using a
custom TI DMDTM optimized for operation in the fiber-optic telecommunications Cband.

2.2 Smart VAM Design using Spatially Multiplexed Processing

Fig.2.2 shows the architecture of the proposed smart VAM. As an example, a 90/10 split
ratio for the smart splitter is used, although any desired split ratio can be designed for the
smart splitter device. The Smart VAM is essentially like the classic VAM, except that the
typical fixed splitter is replaced by a smart or electrically programmable splitter device.
In the Bypass mode (Fig.2.2(a)) of the smart VAM, no light is tapped from the main
signals, with the customer and service provider receiving ideally a 100 % of the signals.
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On the other hand, when signal tapping is required by the network, subsystem, or
network device, the smart VAM switches to its tap or test mode (Fig.2.2(b)), where 10%
of the main signals are sent to the appropriate TE. Hence, only when optical signal testing
or monitoring is required, the smart VAM gets into action like a smart tapper of signals,
leading to efficient tapping of optical signals on a need to use basis, thus making an
optically efficient network where optical power is effectively used. In some cases, the
smart VAMs can be programmed to take test data on a desired time schedule that time
multiplexes the VAMs to form a time multiplexed test scenario where simultaneously
optical bleeding of the network is greatly reduced. In another scenario, a smart VAM acts
as a tapper only when a technician connects a portable or fixed TE to the VAM. For
instance, the portable TE could contain the electrical power source that electrically drives
the smart VAM to switch its states. In this way, the smart VAM acts as a passive device
requiring no on-site electrical power. It is clear from these examples, that the proposed
smart VAM indeed adds intelligence and versatility to the overall network.
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Figure 2 (Fig.2.2) Proposed smart VAM and its (a) Bypass mode and (b) its test or tap
mode. As an example, the smart VAM uses a 90/10 split ratio.
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Fig.2.3 shows the proposed implementation of the 90/10 smart splitter module that is
used to realize the proposed smart VAM. Each smart splitter module designed in the
reflective architecture consists of three single mode fibers connected to a single fiber
collimator lens and one two pixel micromirror based Macropixel device. The dashed
circular line represents the incident optical beam of area A. One micromirror in the two
mirror device is controlled by an electrical drive signal to set the mirror small tilt state
between -θ2/2 and +θ1/2. The angles θ1 and θ2 are measured relative to the central beam
launch axis and is positive above the axis and negative below the axis. Smart splitter
operations shown are Fig.2.3 (a) Bypass-mode and Fig.2.3 (b) Test or tap mode. Light
enters through the IN1 fiber port, passes through the fiber collimator lens such as a GRIN
lens and then strikes a 2-pixel Macropixel micromirror device. The two pixels consists of
two micromirrors of total area A= A1+ A2. The non-reconfigurable or fixed mirror has an
example area of A2 =0.9A while the electrical driven micromirror has an area of
A1=0.1A. Thus, by using area segmenting of the incident collimated light beam from the
fiber, optical power division of any desired level can be generated via a 2-pixel
micromirror device. In the smart splitter bypass mode, both micromirrors are in a relative
flat state, i.e., -θ2/2 with respect to central optical axis and all the light from IN1 fiber
goes to the OUT1 fiber port.
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Figure 3 (Fig.2.3) Proposed 90/10 smart splitter modules used to used to form the
proposed smart VAMs. (a) Bypass-Mode and (b) Test-Mode of the smart splitter modules
used to operate the smart VAM modes.

Hence, for example, 100% of the input optical signal travels to the customer and service
provider in this mode of a smart VAM. Note that because any fiber generated beam can
have a non-uniform spatial power distribution [see ref.SR02a, RM04], the pixel area
segmenting in the macropixel device has to be designed accordingly and not necessarily
in the linear 0.9:0.1 split of areas as mentioned previously. In the test or tap mode of the
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smart splitter (see Fig.2.3(b)), the A1=0.1A area micromirror is electrically driven such
that the micromirror tilts into a θ1/2 tilt state with respect to central optical axis, causing
10% of the input light from IN1 going to the OUT2 fiber port, with the remaining 90%
going to the OUT1 port. Hence, tapping of light is accomplished. The micromirror is
driven as indicated in a digital mode where no electrical drive signal keeps the mirror flat
( at the -θ2/2 angle with respect to the central axis ) and an electrical drive signal tilts the
tap A1= 0.1A area micromirror to its required +θ1/2 tilt position. This type of operation is
non-latching type. The macropixel can also be designed as a latching device where the
presence of an electrical drive for a short time acts as a trigger signal that takes the θ2/2 flat micromirror to a +θ1/2 tilt state or takes the micromirror from the tilt state to the
flat state.

Using special optical MEMS designs, the ideal example A1=0.1A area micromirror can
be made the latching type. Note that in general, the VAM acts as a broadband module.
Hence, the micromirrors are designed with a broadband (e.g., 1500-1650 nm) low loss
coating for maximum reflection. Using highly precise masking procedures such as used
in semiconductor device fabrication, the areas A1 and A2 can be carefully designed.
Furthermore, using accurate thin film deposition methods, the broadband reflection can
be accurately controlled to give near 100% reflection. It is also important to point out that
mature optical MEMS micromirror fabrication methods with small inter-pixel gaps (e.g.,
2 microns) can be deployed to realize low loss smart VAMs with extremely precise
attenuation values. This is the power of macropixel-based fiber-optic beam processing.
An additional point to note here is that it possible to use electrical control for both
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micromirrors, giving additional flexibility to the VAM. Furthermore, simple lateral
translation of the entire chip can change the tap ratio to an ideal desired value, a feature
highly suitable in component manufacturing operations.

Fig.2.4 shows an alternate possible implementation of the 90/10 smart splitter module
used to form the proposed smart VAM. Here, polarization optics is used in a transmissive
module design to control beam routing and tap level. Each smart splitter module consists
of an input fiber-lens port and two output fiber-lens ports, within which are three beam
displacing prisms (BDPs) and two macro-pixel based polarization rotation devices called
device A and device B. The polarizing prisms BDP1 and BDP3 have their optical axes
orthogonal to the BDP2 axis. This implies that for BDP1 and BDP3, beam deflections
occur along the x-direction while for BDP2 occur along the y-direction.

Light enters via fiber port IN1 and its corresponding collimating fiber lens. The top view
shows BDP1 splitting the two orthogonal linear polarizations p (horizontal) and s
(vertical) along the x-direction. The p-beam passes via a 90 degree fixed polarization
rotator such as a half-wave plate (HWP) or a 90 degree power Faraday rotator, making
both beams coming from BDP1 to be s-polarized. This s-beam pair is incident on a two
pixel polarization rotation device where each beam strikes its own pixel of area A1 where
A is the area of each beam. For a 10% tap, the design is A1 =0.1A. The rest of the device
A has no pixelated electrodes. As an example, device A can be a 90 degree twisted
nematic liquid crystal (TNLC) thin-film device. Hence, with no voltage applied to the
two area A1 TNLC pixels, 100% of the s-beam pair power gets converted to p-beam
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power. On the contrary, if a voltage is applied to the pixels, light going through the area
A1 pixels does not get its polarization rotated, and stay as s-beams containing 10% of the
total power of the original input beam.
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Figure 4 (Fig.2.4) An alternate implementation of the 90/10 smart splitter module used to form the proposed smart VAM. Here,
polarization optics is used in a transmissive module design to control beam routing and tap level. Each smart splitter module consists
of an input fiber-lens port and two output fiber-lens ports, within which are three beam displacing prisms (BDPs) and two macro-pixel
based polarization rotation devices.
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Thus, by simply controlling the drive signal to the two TNLC pixels, the smart splitter
changes modes from bypass to tap-mode. The rest of the optics following device A is
used for beam path selection (via BDP2) and beam combining (via BDP3). Device B
consists of 4-pixels (e.g., also a TNLC device with 4 pixels that are electrically driven)
that are designed to act as programmable HWPs to enable correct beam combining and
noise filtering. These device B pixels can also be used for accurate amplitude calibration
of the smart splitter. For this smart splitter, when no voltage is applied to device A, then
100% of the light goes to OUT1 fiber. On the contrary, when a voltage is applied to the
two pixels in device A, then 10% of the input light travels to the OUT2 fiber, forming the
required tap. Note that device A can also be designed with two pixels per beam, instead
of one reconfigurable pixel per beam as shown. This can give added flexibility to the
coupler operation. Also, device B can be designed with fixed HWPs. In general, any
reconfigurable polarization rotation devices with reconfigurable area control can be used
such as any form of liquid crystals (LCs), e.g., parallel-rub nematic LCs, ferroelectric
LCs, polymer dispersed LCs. Other materials include Faraday rotation devices (e.g.,
magneto-optic devices, electro-optic bulk crystals, and photonic bandgap engineered
crystals), to name a few. It is important to note that depending on the material used to
make the polarization rotation elements, the VAM will have wavelength and temperature
of operation limitations. In the case of TNLCs like those used in TNLC displays, fairly
broadband (e.g., 50 nm) operations are possible within reasonable temperature ranges;
e.g., 10 °C to 60 °C, although temperature controlled chambers can certainly improve
VAM performance.
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2.3 Proof-of Concept VAM Experiment using a DMDTM

As a first time proof-of-concept VAM design demonstration, Fig.2.5 shows a proposed
VAM implementation using a TI DMDTM which has a two state (±θ °) mirror grid. Here,
the DMDTM via electronic programming of its many micromirrors is segmented into the
two larger zones required to simulate the two-pixel VAM design. The deployed DMDTM
micro-mirror pitch and tilt angle has been optimized by TI to act as a high diffraction
efficiency blazed diffraction grating for the telecommunications C-band (~ 1530 nm to
1560 nm). The DMDTM glass window is also Anti-Reflection (AR) coated for the C-band
and the Littrow configuration diffracted beam (i.e., when incident beam is retroreflective
with diffracted beam) for either the +θ state or -θ state has a 1.9 dB optical loss for the IR
C-band [RM03]. Depending on the state of the mirrors in the region where the laser beam
falls on the chip, incoming light incident on the chip can be reflected at two possible
angles, i.e., +θ and -3θ with respect to the DMDTM chip xy-plane normal or the zdirection. For the given DMDTM, θ = 9.2° and the micro-mirror or blazed grating pitch is
13.8 µm. Therefore, as shown in Fig.2.5, fiber lens FL1 makes an incident angle equal to
the blaze angle of 9.2o to enable Littrow high efficiency diffraction for the OUT 1 port.
The fiber lens FL2 makes an angle of -27.6o with the z-direction normal to send - θ state
DMDTM light to the other output port labeled OUT2. In this case, the high efficiency
blaze condition is no longer held as the incidence angle is no longer the blaze angle and
so a higher coupling loss is expected for OUT2 port.
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Figure 5 (Fig.2.5) Demonstrated smart VAM design using a DMDTM Chip, C: Circulator,
FL1/FL2 : fiber lens 1 /fiber lens 2.

Light is fed through the input port of the VAM, which in this case is port 1 of the
circulator C. Thus, with the DMDTM micromirror states in +9.2o, input light reflects back
into FL1 to enter port 2 of the circulator and therefore exits from port 3 of the same
circulator. This +θ DMDTM state is used to simulate the non-reconfigurable pixel of the
ideal VAM two-pixel device. Recall that for this +θ DMDTM state, the micromirror array
is in a blazed diffraction grating condition with an optimal low 1.9 dB optical loss due to
pixelation effects such as fill-factor and diffraction losses. When the DMDTM
micromirrors are set in the -9.2o state, input light is directed to the non-retroreflective
output port formed by the capture fiber lens FL2. In this case, light incidence is off the
optimal blazed condition angle and the diffracted beam suffers a higher measured loss of
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3 dB versus 1.9 dB. This additional 1.1 dB optical loss can be attributed to additional
diffraction loss. The -θ DMDTM state implements the reconfigurable pixel of the ideal
VAM two-pixel device. Depending on the desired split ratio for smart VAM operations,
the DMDTM micromirrors are appropriately set to area modulate the incident beam power
to produce the required power ratios at the OUT1 and OUT2 ports. Because the TI
DMDTM has 786,000 micromirrors with a pitch of 13.8 µm and a typical fiber lens
produced beam is approximately 1.1 mm in diameter, the required smart VAM beam area
segmenting can be implemented highly accurately. Furthermore, since the micromirror
operation is digital, this DMDTM based VAM setting is 100% repeatable and thus
reliable.

To test the proof-of-concept smart VAM using a DMDTM, this smart VAM device is
deployed in the dual-user RF communication link shown in Fig.2.6. The laser L is a
tunable source set initially at its center band of 1550 nm. The DMDTM tilt angle is
therefore carefully adjusted to produce the high diffraction efficiency Littrow alignment
condition for this specific 1550 nm wavelength. The DMDTM smart VAM is programmed
to demonstrate both traditional as well as arbitrary power split ratios. Higher accuracy
optical power split ratio measurements can be achieved by modulating the two separated
optical powers by two different RF carriers called RF1 and RF2 and then simply
measuring the resulting RF spectrum versus an un-modulated optical spectrum. The fact
that optical power is proportional to the photo-detected current while RF power is
proportional to the square of the current, a relationship can be established between the RF
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signal power measurements via the RF spectrum analyzer (SA) and the smart VAM set
optical power ratio.
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Figure 6 (Fig.2.6) DMDTM-based smart VAM utilization and experimental characterization in a dual-user RF communication FO link.
L : Laser, IOM: Integrated Optic Modulator, IOC : Integrated Optic Combiner, PD : Photo-Detector, A : RF Amplifier, RF SA : RF
Spectrum Analyzer.
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As shown in Fig.2.5, the smart VAM splits the input optical power to produce optical
powers of P1 and P2 at its output ports OUT1 and OUT2, respectively. In Fig.2.6,
assuming the same losses along RF1 and RF2 channel paths and a 1:1 integrated optic
combiner (IOC), the photodetector (PD) produces a combined current i = i1 + i2, where
the RF1 current i1 ∝ P1 and RF2 current i2 ∝ P2. Given that the RF SA measures the
electrical signal RF powers, i.e., PRF1 for the RF1 carrier and PRF2 for the RF2 carrier, and
via Ohm’s Law, PRF1 ∝ i12 and PRF2 ∝ i22, the RF power ratios for the two detected signals
can be written as:
PRF 1 i12 P12
.
= =
PRF 2 i22 P22

(2.1)

Therefore, the difference in RF powers measured in dB can be as the RF power ratio or
RFPR as:
RFPR(dB) = 10 log

i2
PRF 1
P1
.
= 10 log 12 = 20 log
PRF 2
P2
i2

Defining the smart VAM optical power ratios in dB as OPR(dB) = 10 log

(2.2)
P1
, one gets the
P2

desired relationship between the measured RF power ratio RFPR (dB) and smart VAM
OPR (dB) to be:
RFPR (dB) = 2.OPR (dB).

(2.3)

Smart VAM Optical

OPR

RF Power Ratio RFPR

Power Ratio (OPR)

(dB)

(dB)

98:2

16.9

33.8

95:5

12.78

25.56

90:10

9.54

19.08

80:20

6

12

75:25

4.77

9.54

70:30

3.67

7.34

66.66:33.33

3

6

65:35

2.68

5.36

60:40

1.76

3.52

50:50

0

0

Table 2.1 The relationship between Smart VAM optical power ratios and measured RF
signal power ratios for typical Smart VAM optical power split values.

Smart VAM OPR

RFPR

Experimental RFPR

Experimental OPR

(dB)

(dB)

95 : 5

25.58

25.5

95.05 : 4.95

90 : 10

19.08

19.17

90.07 : 9.93

80 : 20

12

12

80 : 20

75 : 25

9.54

9.50

74.92 : 25.08

70 : 30

7.34

7.34

70 : 30

66.66 : 33.33

6

6

66.66 : 33.33

55 : 45

1.74

1.83

55.2 : 44.8

50 : 50

0

0

50 : 50

Table 2.2 Measured Smart VAM performance versus RF and optical power ratio design
values.
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Table 2.1 uses Eq.2.3 to relate typical Smart VAM OPR values to equivalent RF signal
power ratios in dB. Hence by measuring power ratios in the RF domain, one gets a two
times amplification effect of the actual optical split ratio, allowing higher accuracy
characterization of the smart VAM versus monitoring an un-modulated optical spectrum.
To conduct the experiment in Fig.2.6, RF1 and RF2 are set to 45 MHz and 50 MHz,
respectively. Fig.2.7 shows some sample data measured with an RF spectrum analyzer
that allows accurate and simultaneous RF1 = 45 MHz and RF2 = 50 MHz power readings
for the two VAM outputs. Specifically Fig.2.7 shows spectrum analyzer power traces for
smart VAM optical power split ratios of (a) 50 : 50, (b) 10 : 90, (c) 20 : 80, (d) 66.66 :
33.33, (e) 30 : 70, and (f) 25 : 75. Table 2.2 shows the complete measured experimental
ratios and compares them to their ideal counterparts. Results indicate the desired good
match for the programmed smart VAM split ratios indicating the promise of the proposed
reconfigurable tap coupler concept. Results in Fig.2.7 are obtained for micromirror
number counts shown in Table 2.3.

The null-to-null beam diameter is measured to be 1.1 mm and covers ~ 5026 micromirrors. The optical power is split between ports OUT1 and OUT2 by turning the micromirrors towards their respective fiber GRIN lenses associated with their given ports.
Initially, all power is directed to OUT1 port indicating no power split setting. Note that as
expected, the micromirror count ratio for the two ports does not follow a strictly linear
behavior as the beam power distribution follows a Gaussian distribution with more power
concentrated in the beam center compared to the beam edges.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7 (Fig.2.7) Measured RF1 (45MHz) and RF2 (50MHz) spectrum. Analyzer power
traces for VAM optical power split ratios of (a) 50 : 50, (b) 10 : 90, (c) 20 : 80, (d) 66.66
: 33.33, (e) 30 : 70, and (f) 25 : 75.
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Smart VAM OPR

Micro-Mirror Count

Micro-Mirror Count

for OUT1 Port

for OUT2 Port

10 : 90

1529

3497

20 : 80

1898

3128

25 : 75

2027

2999

30 : 70

2112

2914

66.66 : 33.33

2844

2182

50 : 50

2513

2513

Table 2.3 Smart VAM optical power ratio setting versus experimental mirror count used
to enable the desired power split ratios between the two output ports.

The self imaging method for alignment of GRIN lenses is used to limit freespace
coupling loss to under 0.1 dB [BR03]. The distance between the DMDTM and each GRIN
lens is ~ 12.5 cm, the half self imaging distance for the deployed GRIN lenses. The nullto-null beam diameter is ~ 1.1 mm at the DMDTM plane. Here, care must be taken when
aligning all optics as freespace-to-SMF coupling is highly angular selective (e.g.,
tolerance <0.1º). Again, recall that diffraction losses in the orders are small for port OUT
1 as the DMDTM has been aligned to act as a high diffraction efficiency blazed grating for
the 1550 nm test wavelength with zero-order diffracted beam for + θ micro-mirror states
producing only a 1.9 dB optical loss compared to the input beam that strikes the device.
In comparison, the OUT2 port coupling loss is much higher due to the off blaze angle
condition based on the DMDTM alignment at the – θ state. Specifically, the fiber-to-fiber
port IN1 to port OUT 2 port loss is measured to be 3.6 dB where 3 dB of optical loss is
due to the off-blaze operation of the DMDTM. With the circulator C 1-2-3 optical loss of
1.2 dB, the VAM fiber-to-fiber port IN1 to port OUT 1 port loss is measured to be 3.2
dB. The smart VAM reset time is the DMDTM reset time of 1ms [RM03].
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Another alignment point to note that is helpful when designing the DMDTM based smart
VAM is that although the laser beam incident on the device has a classic non-uniform
Gaussian beam power distribution, the DMDTM can be programmed one row or column at
a time to find the dual-pixel boundary location that best splits the incident power by the
desired power split ratio [RG05b]. Because the micro-mirror pitch is a small 13.8 µm,
fine spatial steps can be taken to reach the desired split setting. Moreover, one can even
control single micro-mirrors in a row or column to push the power split ratio to the
specific experimentally measurable power split ratio limit. In effect, a reconfigurable tap
coupler using the DMDTM forms a highly versatile and robust fiber-optic component. The
polarization dependent loss is DMDTM limited with a worst case measured value of < 0.1
dB. As the optimal blazed diffraction Littrow alignment geometry is wavelength
dependent, any change in wavelength of operation affects the diffraction efficiency off
the DMDTM and hence affects the coupling loss for the output ports. Knowing the
operating wavelength, one can align the DMDTM and GRIN lens optics to maintain the
optimal high coupling numbers. Nevertheless, adding such motion opto-mechanics to
enable broadband smart VAM operations when using the DMDTM adds complexity and
limitations to a DMDTM based smart VAM design. Hence, the optimal smart VAM would
use the large few (e.g. 2) pixel macro-pixel design as originally proposed in Fig.2.3 and
hence will be described in future works.
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2.4 Conclusion

For the first time, intelligent area modulation using both fixed and an electrically actuated
pixels in a macro-pixel device has been proposed to realize a smart VAM or
reconfigurable tap coupler. For example, pixels can be designed using optical MEMS or
polarization rotation liquid crystal (LC) technologies. For first stage proof-of-concept
work, a smart VAM is built using an optimized infrared C-band DMDTM and tested in a
dual-use RF infrared-band FO link. Successful smart VAM operations have been
achieved for various optical power split ratios. Future work relates to the optimization
and improvement of the proposed MEMS-based smart VAM using the ideal two pixel
design. In addition, future work will implement a no-moving parts LC-based VAM
design.
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CHAPTER 3
BROADBAND ALL-DIGITAL VARIABLE FIBER-OPTIC
ATTENUATOR USING DIGITAL MICRO-MIRROR DEVICE

3.1 Introduction

Variable Fiber-optic Attenuators (VFOAs) are extensively used in various optical
applications such as communication networks, signal processing, sensing, and test
instrumentation. Optical Micro-Electro-Mechanical Systems (MEMS) has emerged as a
dominant technology for making VFOAs. Analog-motion VFOA designs have led the
way in both narrowband and broadband VFOA designs, although requiring precise
motion controls and feedback for high repeatability operations [M80, MGR99]. More
recently, the inherent digital-mode of the Texas Instruments (TI) DMD has been used to
design 100% repeatable VFOAs [R01a, SR02b, RG05a, RG05b]. More specifically, these
DMD –based VFOAs were designed for narrowband operations such as for individual
wavelengths of a Dense Wavelength Division Multiplexed (DWDM) band. Note that
freespace beam- Single Mode Fiber (SMF) coupling using fiber Graded Index (GRIN)
lenses has been shown to be extremely sensitive to angular beam misalignments [BR03].
Because the Infrared (IR) band TI DMD is inherently a pre-designed blaze wavelength,
i.e., central wavelength of ~ C+L-band (1525 nm to 1580 nm) Two Dimensional (2-D)
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blazed diffraction grating device [LTD05], simultaneous exposure to broadband light
results in spectrally coded angular spreading of the diffracted light beam that gets
severely mis-coupled into the receiving SMF. Thus, the previously demonstrated direct
DMD–SMF coupling VFOA designs fail to produce a broadband VFOA where a near flat
spectral response is required.

Thus, there exists a dilemma where the 100% digital repeatability of a DMD based
VFOA is very attractive, but the inherent grating nature of the DMD ruins its
performance as a broadband VFOA. The goal of this chapter is to introduce and
demonstrate a new DMD–based VFOA design that allows the formation of a broadband
operations component, despite the DMD’s inherent spectral spoiling ability for fiberoptics. The rest of the chapter describes the proposed broadband VFOA design, its
experimental results, and future directions for improvements. Do note that the proposed
broadband VFOA is a single optical channel component, unlike our previously
demonstrated broadband DMD-based spectral equalizer designs [R01a, NS99, RM03]
where a fixed dispersive element like a volume grating is used to physically separate and
individually process wavelengths on a per channel basis, thus forming a linear array of
VFOAs with independent attenuation controls per VFOA.

3.2 Proposed Design

Fig.3.1 shows the design of the proposed broadband all-digital VFOA using a DMD.
Broadband light (λL ≤ λ ≤ λH) enters the VFOA through the IN port of a SMF
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connectorized broadband circulator C and then exits the circulator to feed a SMF selfimaging type GRIN Fiber Lens (FL). Next, a Beam Displacement Prism (BDP)
physically separates (along y-direction) the input beam into its p (Vertical) and s
(horizontal) polarizations. A Half Wave Plate (HWP) placed on one part of the BDP
output converts the s-polarized beam into a p-polarized beam. Thus, the p-polarized beam
pair passes straight through the cube Polarization Beam Splitter (PBS) and Quarter Wave
Plate (QWP) to strike the DMD populated with a large number of ± θ state micromirrors. For the zero attenuation setting of the VFOA, these micro-mirrors are set to one
chosen state, e.g., +θ state, and the DMD is oriented such that the 2-D micro-mirror array
acts like a blazed high diffraction efficiency grating in the Littrow retro-reflective
configuration for a given blaze wavelength (λ=λB=λc or mid-band wavelength)
corresponding to the on-axis or central ray path.

Figure 8 (Fig.3.1) Proposed broadband VFOA design using DMD.

35

For light wavelengths that are not the blaze wavelength, the diffracted beam from the
DMD suffers a wavelength dependent ± Δθangular deviation about the central ray. This
angular deviation, though small (e.g., < 0.5◦) can have a severe impact on the re-coupling
of light into a SMF. In the Fig.3.1 design, this beam spreading problem is compensated
by using the PBS-QWP to direct the orthogonally rotated s-polarized diffracted light
coming from the DMD to a Fourier lens (L) and Mirror (M) arrangement. The distances
between the DMD and L and M and L are equal to the Focal Length (F) of the spherical
lens L. Thus, the wavelength dependent angular beam spread shows up as a lateral beam
displacement on the mirror M plane. Because all wavelengths strike M at normal
incidence along the x-direction, all wavelengths are forced to return to the DMD with the
same angular spread to produce a second diffraction off the blazed 2-D grating. This
double diffraction process realigns all the wavelengths on-to the on-axis beam path, thus
eliminating the angular beam spoiling that would produce a spectral dependent coupling
of light within the SMF-FL assembly. Thus, the doubly diffracted broadband light from
the DMD efficiently couples into the FL and SMF and exits from the OUT port of C. The
BDP-HWP assembly recombines the p and s-polarization components of the input light.
Here, it is important to note that the L-M arrangement causes the p and s-beams to switch
paths after M, thus making sure that there is no path length difference between the
traveled two orthogonal components of the input light. In effect, no unwanted time delay
is introduced between the p and s beams, a critical need when dealing with high
bandwidth temporally modulated systems. In addition, this symmetric design balances
out Polarization Dependent Loss (PDL) within the VFOA. To perform the VFOA
attenuation operation, a chosen number of micro-mirrors in the DMD light illuminated
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area are turned to their other digital or –θ states, enabling some light to be rejected from
the system. Thus, an all-digital robust broadband VFOA is formed. The extent to which
the VFOA is broadband will depend on various component and layout design factors.

3.3 Experimental Demonstration

First, a prior-art direct coupling VFOA design [R01a, SR02b, RG05a, RG05b] is set-up
in the laboratory using the IR band TI DMD. In this case, light enters through C, gets
launched by FL, then gets retro-reflected at the DMD plane that is optimally placed at the
FL minimum beam waist position, and finally gets coupled back into FL and exits the
SMF OUT port of the C. FL has a 25 cm half-self imaging distance with a ~1.38 mm
diameter null-to-null beam spot forming on the DMD. Each square micro-mirror on the
DMD is placed in a 2-D array with a pitch of 13.8 μm. Each micro-mirror rotates about
its diagonal axis with two digital θ states of + 9.14° or – 9.14° [LTD05]. The entire chip
is rotated in the y-z plane by 45º so the diffracted order is in the x-z plane. In effect, the
√2/d -sin(θin)
micro-mirrors form a blazed grating described by sin(2θm-θin) = mλ
[LTD05]. Note that angles are measured from the normal to the grating (y-z) plane. θm is
the reflection angle of the mth diffracted order and θin is the incident angle of the light
measured from the normal to the DMD plane. For optimal high diffraction efficiency
operation, the incident beam from the FL illuminates the DMD in the retro-reflective
Littrow configuration, i.e., the incident angle θin is equal to the grating blaze angle θB of +
9.14° as the DMD is set to the +θ state. For the blazed condition of θin = θm = θB = +
9.14°, m=2, and d= 13.8 μm, one computes λB=λc= 1550 nm. Thus, indeed the TI DMD
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acts as a high efficiency blazed grating centered near the center of the
telecommunications C+L band. Given a broadband optical source spectrum with λL ≤ λB
≤ λH, the diffracted light from the DMD will have an angular spread Δθ = θ2(λH) - θB(λB)
= θB(λB) - θ2(λL). Using the values of d and θin given earlier, the wavelength dependent
diffracted beam spread Δθ comes to be 0.180 for λH = 1580 nm and 0.160 for λL=1525nm.

This deceptively small total 0.340 angular beam spread can have a severe effect on the
simple direct coupling broadband VFOA designs. A strong > 32 dB spectral spoiling is
experimentally observed at just ± 7 nm from the optimal central blaze wavelength from
the assembled direct coupling VFOA. An Erbium-doped Fiber Amplifier (EDFA)
spontaneous emission spectrum is used as a C-band broadband source to conduct the
experiment and the received light is recorded by an Optical Spectrum Analyzer (OSA).
Next the Fig.3.1 VFOA design is assembled that counters this unwanted 0.340 angular
spread by using double diffraction off the DMD within a Fourier transforming
arrangement. L has a focal length of 15 cm. The optical components deployed (PBS,
BDP, L, M, FL, C) are broadband components for the C-band. Nevertheless, the HWP
and QWP are fundamentally narrowband components with plate phase values designed
for the C-band center wavelength. To measure this non-ideal phase-plate effect on the
VFOA system spectral response plus any other spectral non-idealities of the optics
deployed, the IR DMD was replaced by a flat broadband mirror, and the output spectrum
variation was recorded as a reference spectrum by the OSA showing a ~±0.2 dB in-band
variation across the measured C-band spectrum. Thus, to accurately analyze the effect of
the DMD -based VFOA design, each measured spectrum of the VFOA is subtracted from
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the reference spectrum to produce the true spectrum of the VFOA due to the DMD beam
spoiling effect. Fig.3.2 shows these OSA traces over ~C-band (1530-1560 nm) for the
VFOA output for various attenuation settings across the 25 dB demonstrated attenuation
range. This data shows a ±0.17 dB in-band variation across the measured spectrum,
indeed showing that the Fig.3.1 VFOA design does indeed produce a near flat spectral
response for the VFOA forming the desired broadband VFOA. Do note that the
diffraction efficiency of a blazed grating structure is also wavelength dependent, and thus
some variation in the spectral band flatness is inherent to the nature of blazed grating
diffraction. Presently, the attenuation dynamic range is limited by the inter-port crosstalk
of the deployed circulator.

The total fiber IN to fiber OUT optical loss measured for the VFOA is 6.8 dB.
Contributions to this loss are as follows: Two pass C-loss: 1.4 dB; Blaze wavelength
DMD double diffraction loss: 3.8 dB; PBS+M+QWP+L loss: 0.1 dB; Two pass FL loss:
1 dB; Fiber connectors Loss: 0.2 dB; Freespace-SMF coupling loss: 0.3 dB. With better
quality lower loss FL, C and fiber connectors, the VFOA total loss can be reduced to 5
dB. The PDL on a per wavelength basis is on average <0.2 dB and return loss is ~ – 33
dB limited by circulator isolation.

Further loss reduction is also possible by elimination of C and using a two FL design.
The illuminated beam zone on the DMD contains ~7,850 individually controlled micromirrors per polarization, giving this VFOA an effective near 13 bits of digital attenuation
controls. Each micro-mirror reset time is 15 μs with chip overall reset time of 1 ms. As
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each orthogonal polarization of the input broadband light can be independently
attenuated, the same VFOA structure can form an orthogonal linear polarization
controller module for broadband light. In an extreme operational state, the VFOA can be
used to block the defined p or s polarization in the input light. Do note that the proposed
VFOA structure can be applied to non-SMF input beams such as collimated input beams
generated from free-space optical sources. Thus, the proposed VFOA module design can
be applied across a large range of broadband optical sources requiring precision
attenuation and possibly linear polarization weighting controls.

As mentioned, the wave-plates used contribute to some spectral non-flatness of the
overall VFOA response. One solution would be to replace these plates with much better
broadband performance Faraday effect optics. Also, any small but fixed spectral spoiling
of the entire VFOA system can be countered by inserting a custom spectral response thinfilm interference filter broadband optic with an inverse spectral optical response into the
optical path of the system.
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Figure 9 (Fig.3.2) The demonstrated broadband (1530-1560 nm) VFOA operations for
optical attenuation settings of 0, 5, 10, 15, 20 and 25 dB.

3.4 Conclusion

As the TI DMD is available for operations in three distinct bands, i.e., Ultra-violet (UV),
visible, and Near-Infrared (NIR), the proposed module can be applied over a variety of
broadband optical sources. Future work relates to demonstrating a lower loss VFOA and
operations over diverse broad optical bandwidths.
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CHAPTER 4
A LIQUID LENS-BASED BROADBAND VARIABLE FIBER
OPTICAL ATTENUATOR

4.1 Introduction

VFOAs are widely used in applications such as photonic signal processing, fiber-optic
communications, and sensing. Various VFOA schemes have been proposed mainly for
narrowband operations such as wavelength specific attenuation in Wavelength Division
Multiplexed (WDM) fiber-optic systems. Technologies used to implement these
wavelength specific VFOAs include liquid crystals [H82, CVC03, NK04, HWA04],
acousto-optics [MR02] and analog [MGR98, BGA98], digital [RS99] and hybrid
[RG05a] optical Micro-Electro-Mechanical Systems (MEMS). More specifically, motion
[M80, COT99, YR99] and mirror-based VFOAs [RR07b, NCD02] are mostly applicable
to broad instantaneous optical bandwidth operations, making them a highly reliable
component. Nevertheless, a broadband no-moving parts VFOA can potentially offer
higher component reliability and life-times. Different VFOA technologies have different
strengths and limitations. For example, liquid crystal designs are considered no-moving
parts devices but are sensitive to polarization. Specifically, the design in ref.NK04 using
liquid crystals has a maximum response time of 1s and a 2.5 dB insertion loss, whereas
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the liquid crystal design in ref.HWA01 has a response time of 5 ms, an insertion loss of
0.8 dB but a dynamic range of only 8 dB. In comparison, the analog MEMS technology
is considered polarization insensitive but a moving parts device, specifically when used
in ref.MGR98 achieves a dynamic range of 37 dB, a response time of 5 ms, and an
insertion loss of 1.5 dB, but the attenuation step varies with the attenuation level. The
VFOA design in ref.BGA98 achieves a dynamic range of 50 dB, response time of 100µs,
and an insertion loss of 2.6 dB. The digital MEMS VFOA proposed in ref.RR07b has a
response time of 15µs and a dynamic range of 30 dB with an optical loss of 2dB, but the
design involves bulky optics and sensitive alignment.

Previously Three Dimensional (3-D) beam spoiling was proposed to enable VFOA
design [RMa99], including concept demonstrations using motion of mirror-based devices
[RS00, MR02]. The purpose of this chapter is to show how the 3-D beam spoiling
principle can be applied via an electronically controlled liquid lens to realize a novel
opto-fluidic broadband VFOA. Note that small few millimeter diameter liquid lenses
[BP00, KH04] have had recent commercial success in implementing electronic focusing
in miniature handheld cameras and cell phones. Hence, this chapter presents a novel
application of this multi-focus liquid lens technology to provide an alternate platform for
realizing hand-held test and measurement VFOAs. Today, both MEMS and liquid
crystal-based VFOAs dominate the VFOA market place, much like projection display
systems where digital MEMS and liquid crystal devices share the market place. In the
same realm, the liquid lens-based VFOA has the potential to provide vital and
competitive features like broadband (> 100 nm) operations, low power consumption
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(mWs), low loss (< 2 dB), adequate speed (< 100 ms), and lightweight module design, in
particular for hand-held optical testers. One might even consider the liquid lens-based
VFOA as a mix of a MEMS-based VFOA and a liquid crystal VFOA given it uses liquid
motion in a micro-optic package. Given the recent commercial success of liquid lens
technology in handheld cell phones and cameras where the liquid lens device has proven
its robustness for practical deployment, one can expect the proposed liquid lens-based
VFOA to share a certain percentage of the VFOA market-place, in particular for
handheld broadband VFOA test and measurement applications. Do note that liquid
crystal VFOAs are considered by the science, engineering, and commercial community to
be “no-moving parts” devices. The key point here is that liquid crystal-VFOAs have
polarization sensitive designs with limited optical bands of operation. The proposed
liquid lens-VFOA solves these liquid crystal limitations while keeping an essentially nomoving parts operation. The rest of the chapter describes the proposed opto-fluidic
VFOA design, its theoretical model and its experimental results.

4.2 Proposed Liquid Lens Variable Fiber-Optic Attenuator Design

The design for the proposed broadband VFOA is presented in Fig.4.1 where the liquid
lens shown in Fig.4.2 is used not as a classical adjustable multi-focus imaging device but
as an electronically controlled optical wedge. Specifically, the free-space light beam is
made to pass near the edge of the liquid lens where a maximum change in lens curvature
occurs to approximately produce an electronically controlled wedge with wedge angle α.
Input light is coupled into the VFOA via the input SMF and input fiber lens FL1. The

44

fiber lenses are Graded Index (GRIN) type devices enabling the near zero free-space to
SMF coupling loss with the self imaging configuration [BR03]. Specifically each fiber
lens has a half self imaging distance of d/2, positioning the Gaussian minimum beam
waist diameter 2w halfway between FL1 and FL2. The changing α forces the free-space
optical beam to decouple with the output SMF and fiber lens FL2 leading to the design of
an opto-fluidic VFOA. Note that when the liquid lens is set to its no lens or flat, i.e., α = 0
curvature position (see Fig.4.2b), the free space optical beam stays aligned for maximum
coupling producing the zero attenuation VFOA setting. As α increases, the VFOA
produces increased attenuation due to increasing beam tilt that leads to decreasing light
coupling with FL2 [BR03]. For broadband VFOA operations, all input wavelengths need
to ideally experience the same α, implying that the wedge refractive index should be
independent of wavelength in the band of interested wavelengths.
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Figure 10 (Fig.4.1) The proposed broadband VFOA design using a voltage controlled liquid lens and two Single Mode Fiber (SMF)coupled fiber lenses FL1 and FL2. Solid line: Zero attenuation setting; Dashed line: Voltage controlled attenuation setting; α: Wedge
angle.
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Figure 11 (Fig.4.2) Liquid lens design using two different fluids A and B shown in (a)
concave, (b) no lens and (c) convex interface settings.
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(a)

(b)

Figure 12 (Fig.4.3) (a) Liquid lens approximately acting as an electronically controlled
optical wedge, (b) Ray trace of light through liquid lens material interfaces.
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Fig.4.3 shows the geometrical framework on how the liquid lens forms the required
electronically variable wedge angle α for the convex configuration of the lens. The
defined wedge angle is an angle that forms by averaging the slope angles of the different
Liquid A/Liquid B curvature positions from the edge of the lens (Point P1) to the central
point on the liquid lens optical axis. In order to estimate the VFOA optical attenuation
behavior with the applied voltage V to the liquid lens, α has to be determined. With
varying V, the radius of curvature called r(V) of the Liquid A/B interface changes the
effective focal length of the liquid lens. As shown in Fig.4.3, the equation of a circle
subtended by the interface of the liquids in the x-y Cartesian coordinate system is given
by:
x 2 + y 2 = r 2 (V ) ,

(4.1)

where the center of the circular interface is at the (0,0) location of the x-y coordinate
system. With V=0 as shown in Fig.4.2a, the liquid lens forms a concave lens of a given
focal length. As V is increased, the Liquid A/Liquid B boundary deforms to gradually
reduce to a flat interface at V0 = 38 V (see Fig.4.2b) and then to a convex interface at
V>V0 to produce a convex lens (see Fig.4.2c). This process of changing interface radius
of curvature r(V) as voltage is increased laterally shifts the original origin of the x-y
coordinate plane along the x-direction. In addition, the radius R of the liquid lens clear
aperture can also vary slightly with applied voltage. Using Eq.4.1 with y = R(V ) , the
voltage dependant x-coordinate of point P1 representing the lens aperture edge point is
given by:
xP1 (V ) = r 2 (V ) − R 2 (V ) .
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(4.2)

As shown in Fig.4.3, the wedge angle α formed by the liquid lens can be approximated as

α (V ) = tan −1 (h R) , where h(V ) = r (V ) − xP1 (V ) . Using Eq.4.2 and the manufacturer given
values of r(V) and R(V), α(V) is determined. Next, using the calculated α(V) values, the
tilt angle θ experienced by the beam after passing through the liquid lens structure can be
determined by the application of Snell’s law to the Liquid A/Liquid B boundary. From
Fig.4.3 and Snell’s law, nA sin (α ) = nB sin (β ) where β is the refraction angle at the Liquid
A/Liquid B interface and nA and nB are the refractive indices of Liquid A and Liquid B,
respectively. Next Snell’s law is applied to the Liquid B/Glass boundary and the beam
angle γ inside the glass with respect to the direction of the incoming beam is determined

[

]

to be γ = sin −1 (n B n g )sin (α − β ) , where ng is the refractive index of the glass. As the
final step, Snell’s law is applied at the Glass/Air boundary giving the tilt angle θ of the

[

]

beam exiting the liquid lens to be θ = sin −1 ng sin (γ ) . By determining the effective beam
tilt angle θ(V) introduced by the electronically controlled wedge angle α and refraction
angles β and γ, the beam misalignment loss between FL1 and FL2 is determined to
estimate VFOA operation [BR03]. The self-imaging fiber lens free-space coupling
optical loss in dB due to angular tilt misalignment has been shown to be [BR03]:
Ltilt (dB ) = Atiltθ 2 (V ) ,

(4.3)

where the angular misalignment coefficient Atilt for identical fiber lenses separated by
their self imaging distance is given by [BR03]:

Atilt =

5k 2 1
,
ln (10 ) F
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(4.4)

where F =

2
, and the optical wave vector given by k = 2π/λ with λ the optical
w2 d

wavelength. Thus, given the experimental parameters for the VFOA that determine Atilt
and θ(V), optical loss can be calculated to give the approximated VFOA performance.

4.3 Experiment

The Fig.4.1 VFOA design is implemented using two self-imaging fiber lenses with d =
6.25 cm and w = 0.5 mm for an infrared design λ=1545nm. A Varioptic France Model
Arctic 320 liquid lens whose basic design is shown in Fig.4.2 is used for the liquid lens
[MAD06]. The liquid lens used for the experimental demonstration changes focus due to
the electrowetting process. Electrowetting refers to the change in the wettability of a
conducting liquid which is in contact with any surface. The Varioptic lens contains two
liquids placed in contact with each other; one being water which is a conducting liquid
and the other being oil that is a nonconductive liquid. Because the two liquids are
immiscible, they do not mix. Furthernore, because the liquid refractive indices are
different for a given wavelength, the lensing effect can be achieved. The interface
between the fluids is surrounded by a ring-shaped support. The contact angle with this
support changes when voltage is applied and water changes its wettability resulting in the
change in the radius of curvature of the liquids interface. As the liquids are contained in a
closed container, the chance of leakage, evaporation and contamination is minimized.
The refractive index values at 1545 nm (or the center of C-band) for Liquid A, Liquid B
and the glass window of the deployed liquid lens have been extrapolated using linear fit
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of the manufacturer given index values (shown by the solid line plots in Fig.4.4) at
known visible wavelengths. Specifically, the 1545nm infrared wavelength refractive
indices for the three media can be approximated by:
∂n A
∆λ ,
∂λ
∂n
nB (λ ) = nB (λknown ) + B ∆λ ,
∂λ
∂n
ng (λ ) = ng (λknown ) + g ∆λ ,
∂λ

n A (λ ) = n A (λknown ) +

(4.5)

where the manufacturer given index change versus wavelength via Fig.4.4 is
computed to be:
∂n A
= −5.0233 × 10− 5 nm −1 ,
∂λ
∂nB
= −9.8833 × 10− 5 nm −1 ,
∂λ
∂ng
= −5.5555 × 10− 5 nm −1 ,
∂λ

(4.6)

Using Eq.4.5 and Eq.4.6, the refractive indices at 1545 nm for Liquid A, Liquid B and the
lens glass are calculated to be nA ≈ 1.37, nB ≈ 1.42 and ng ≈ 1.50. These refractive indices
are used in the calculations to determine θ(V). Fig.4.4 also shows these extrapolated
index values (dashed lines in plots) for glass, liquid A and liquid B from 700 nm to 1600
nm. Table 4.1 shows the values for r(V) and R(V) within the ±0.5mm given measurement
accuracy at different V taken from the data sheets of the liquid lens [KH04]. Using Table
4.1 data, α(V) is determined. Next using nA, nB, ng and α(V), the values of β(V), γ(V) and
then θ(V) are determined as shown in Fig.4.5. Then the Atilt value is calculated and using
Eq.4.3, the VFOA attenuation in dB is found. The plot marked theoretical in Fig.4.6
shows the expected attenuation response of the designed liquid lens-based VFOA.
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Figure 13 (Fig.4.4) Plot of known refractive indices and extrapolated refractive index
values of glass, Liquid A and Liquid B at wavelengths from 400 nm to 1600 nm and
temperature of 20 deg-C.

Figure 14 (Fig.4.5) Calculated values of beam tilt angle θ versus liquid lens applied
voltage.
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Using the required 1 KHz square wave liquid lens drive signal with a Root Mean Square
(RMS) voltage from 38 V to 46 V, the positive focal length of the liquid lens is specified
to vary between near infinity (~ 1667 cm) and 13.1 cm, respectively. Fig.4.6 shows the
measured VFOA attenuation versus applied voltage indicating a demonstrated VFOA
dynamic range of 40 dB at 1545 nm. Fig.4.6 attenuation data shows a quasi-non-linear
response of the VFOA due to the liquid lens operational characteristics plus a nonuniform fiber lens-SMF coupling process. Attenuation between 15 dB and 20 dB is
measured in ten fine steps to show that a VFOA resolution of 0.5 dB is achievable with
the given drive signal having a ±200 mV voltage resolution.
The theoretical in-band attenuation loss for the C-band is calculated as:
Linband = Ltilt (1560nm) − Ltilt (1530nm)

(4.7)

Figure 15 (Fig.4.6) Calculated and experimentally measured VFOA attenuation values
versus liquid lens Root Mean Square (RMS) applied voltage.
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As an example, Fig.4.7 (a-c) shows broadband VFOA operation for the attenuation
settings of 0 dB, 15 dB and 30 dB tested for the telecommunication C-Band, i.e., 1530
nm to 1560 nm. Fig.4.7(d) shows a higher resolution attenuation data trace indicating a
maximum in-band attenuation variation of ± 0.32 dB. Note that as calculated, ≈ ±0.14 dB
of this in-band attenuation ripple, is due to the present liquid lens material dispersion
while the remaining ± 0.18 dB variation is due to the liquid lens cavity acting as a FabryPerot interferometric structure. In particular, the present liquid lens has not been AntiReflection (AR) coated for the IR band and is designed for the visible wavelength band
(400nm-700nm). With the liquid lens AR coated for the specific VFOA operational band,
one can expect the attenuation variation inside the C-Band to be material dispersion
dependent or ≈ ±0.14 dB. Fig.4.8 shows the measured 3 dB bandwidth of the VFOA to
be 190 nm, i.e., from 1510 nm to 1700 nm.

Note that the deployed liquid lens has been designed for the visible wavelengths from
430 nm to 700 nm. Hence C-Band light in the VFOA experiences a measured 3.9 dB
optical loss. The free space fiber-to-fiber coupling loss is measured to be 0.4 dB, giving a
total VFOA loss of 3.9+0.4 = 4.3 dB. The Artic 320 liquid lens has a transmittance of
92% for the visible band of operation [KH04]. This loss is mainly attributed to the
absorption of light in Liquid B which is nonconductive oil. For the longer wavelength
infrared C-Band, this oil absorption coefficient is higher leading to the higher static
insertion loss for the demonstrated VFOA. Optimal Liquid A and Liquid B selection for
the C-band can reduce absorption losses to the visible levels. The VFOA polarization
dependent loss is measured to be 0.3 dB. The electrical power consumption of the VFOA
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is 12 mW based on required liquid lens drive power and the liquid lens can be reset in
less than 100 msec as demonstrated in ref.SPL04. The surface between two liquids in the
lens acts as an equivalent capacitive element in the electronic domain. Therefore when
the applied voltage is changed instantaneously, there is a finite transition response time
resulting in the VFOA response time of 100 ms.

(a)

(b)

(c)

(d)

Figure 16 (Fig.4.7) Measured VFOA broadband operation at (a) 0 dB, (b) 15 dB and (c)
30 dB attenuation levels for C-Band operations with OSA resolution of 10 dB/div. (d)
Measured higher resolution VFOA broadband response at 3 dB attenuation setting with
Optical Spectrum Analyzer attenuation resolution of 2 dB/division.
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Figure 17 (Fig.4.8) The measured 3-dB bandwidth of the VFOA showing a 1510 nm to
1700 nm response.

The operational temperature of the liquid lens and hence the VOA is – 20 deg-C to +60
deg-C. The Liquid A and Liquid B change in refractive index versus temperature are
dn A
= −1.92 × 10 − 4 /degree
dT

and

dn B
= −2.57 × 10 − 4 /degree,
dT

respectively. Given a typical ± 2.5

deg-C change of temperature in a typical laboratory test and measurement environment
where this VOA is deployed, one calculates a small < ± 0.1 dB attenuation setting change
at the highest attenuation setting. If needed, one can use a basic temperature controller
with the proposed VOA to make it temperature independent.
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Applied RMS Voltage (V)
38
39
40
41
42
43
44
45
46

R (mm)
2.082
2.072
2.061
2.051
2.040
2.030
2.020
2.010
2.001

r (mm)
1635.997
93.995
48.026
32.095
24.014
19.130
15.862
13.521
11.764

Table 4.1: Data sheet provided liquid lens variation in radius of curvature r(V) and clear
half-aperture R(V) with changing RMS voltage.

4.4 Conclusion

In conclusion, to the best of the author’s knowledge, the first opto-fluidic VFOA is
proposed, designed and demonstrated using a highly economical chip-sale small aperture
liquid lens technology. This VFOA features a broadband, polarization independent,
limited moving parts operation that is highly useful for low power consumption handheld
test and measurement applications. For optimal VFOA performance with low (< 2dB)
optical insertion loss, the liquid lens must be designed for the appropriate optical band
with AR coatings. Furthermore, one can deploy two fixed tap couplers (e.g., 1% tap) with
the proposed VFOA in a classic feedback monitoring configuration to enable robust
attenuation settings with changing environmental conditions.
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CHAPTER 5
HIGH DYNAMIC RANGE VARIABLE FIBER OPTICAL
ATTENUATOR USING DIGITAL MICROMIRROR AND OPTOFLUIDICS

5.1 Introduction

VFOAs are extensively used for optical test and instrumentation applications. Different
VFOA schemes have been proposed to implement VFOAs such as using liquid crystals
[HWA01], analog Micro-Electro-Mechanical Systems (MEMS) [RS99], digital MEMS
[MGR99], acousto-optics [KYK98], and optical MEMS using hybrid analog-digital
controls [RG05a]. In particular, the hybrid design gives a very high attenuation dynamic
range with good attenuation resolution. Nevertheless, the analog attenuation control
mechanism demonstrated for the hybrid design uses the precise motion of micro-optics
that in turn reduces the VFOA lifetime, operational speed and repeatability. Recently, an
electro-wetting process-based fluidic ECVFL acting as a variable optical wedge between
two optical fibers was used to form a broadband VFOA [RR09a]. In this chapter, a novel
design of the hybrid analog-digital VFOA is proposed and demonstrated where the
analog attenuation process is implemented using an optofluidic ECVFL, thus eliminating
the motion of any micro-optics. In effect, the new hybrid analog-digital VFOA design
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promises improved reliability, speed and repeatability over a large dynamic range of
operation. The rest of the chapter describes this new VFOA and its demonstration.

5.2 The Proposed MEMS-Optofluidic VFOA Design

Fig.5.1 shows the proposed MEMS-Optofluidic VFOA design where the fluidic ECVFL
is used as a classical broadband adjustable multi-focus imaging lens. Input light is
coupled into the VFOA module via a Single Mode Fiber (SMF) and a Graded Index
(GRIN) fiber lens FL1. Free-space light after passing through the ECVFL and reflecting
from the DMD is coupled into fiber lens FL2 to enter the output SMF. FL1 and FL2 are
lenses with ‘d’ self imaging distances [BR03]. To orchestrate alignment, the DMD is
placed at the minimum beam waist location or d/2 distance from FL1. The minimum
beam waist is formed at the DMD when the ECVFL is electronically adjusted to its nolensing or flat state. The ECVFL is used only as a convex lens for the proposed VFOA
design. When the applied voltage to the ECVFL is varied, the minimum beam spot forms
between the ECVFL and the DMD. Light falling onto the DMD micro-mirrors in +θ state
couples into FL2 whereas light reflected by micro-mirrors in – θ state is rejected from the
VFOA resulting in DMD based digital light attenuation. The ECVFL is used to control
the beam size falling on FL2 which further controls the amount of light that is coupled
into FL2. Given that FL1 and FL2 are aligned for maximum optical coupling with <0.01
degree angular precision [BR03] and the optics are fixed and rigid, the VFOA resolution
will depend on the active optics control; namely, the DMD and liquid lens electrical drive
conditions.
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Figure 18 (Fig.5.1) Proposed hybrid Analog-Digital VFOA design using the DMD and an
Electronically Controlled Variable Focus Lens (ECVFL).

Therefore by using the capabilities of both the DMD and the ECVFL, a high dynamic
range analog-digital controlled VFOA is realized. As shown in Fig.5.1, the ECVFL lens
is placed at a distance D1 from FL1 and the distance D2 between the ECVFL and DMD is
chosen so that D1+D2=0.5d. The null-to-null Gaussian beam radius w2 at FL2 determines
the SMF-Freespace-SMF coupling efficiency and hence VFOA operation. A Gaussian
beam optical field can be represented by the complex q-parameter q(z) such that [KL66]:
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 jkr 2

E (r , z ) ∝ exp

(
)
q
z
2

 , where
λ
1
1
=
−j 2
q(z ) R(z )
πw (z ) .
Here λ is the wavelength, k=2π/λ, and

r=

x2 + y2

(5.1)

(5.2)

where (x,y) are the Cartesian

coordinates of the optical field plane. q1 is the Gaussian beam q-parameter at the location
of the minimum waist radius, z is the optical beam travel direction, w is the 1/e2 beam
radius, and R is the radius of curvature of the Gaussian beam wavefront. Using Eq.5.2
with R(z) =∞ and beam waist radius w

1

on DMD with ECVFL in its flat state, the q-

parameter is given by:

πw12
q1 =
j
λ .

(5.3)

Similarly, the beam q-parameter q2 just before hitting the ECVFL is given by:

πw12
q2 =
j − D2
λ
.

(5.4)

Therefore, the q-parameter q3 of the beam at FL2 after passing through the ECVFL and
traveling a distance D2 + D3 is given by [KL66]:

q3 =

Aq 2 + B
Cq 2 + D .

(5.5)

Here A, B, C and D are the elements of the ABCD matrix involving the beam
transmission through the ECVFL and its subsequent propagation for a distance D2+D3
until it hits FL2. In other words, one can write the matrix as [KL66]:
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 A B  1 D2 + D3   1
C D  = 0
 × − 1
1

 
  F

0

1
,

(5.6)

where F is the focal length of the positive focus ECVFL. The Gaussian beam intensity
function is given by:

  − 2r 2
I (r ) = I 0 exp 2
  w




 .

(5.7)

where I0 is the peak intensity value at the beam center. One determines the optical power
falling on FL2 as a fraction of the transmitted power P0 launched by FL1. Specifically,
the power PR captured by FL2 is given by [S86a]:


 − 2 w32
PR = K × P0 1 − exp
2

 w2

 P+θ
 ×
.
 P

Total


(5.8)

w3 is the fixed 1/e2 beam radius at the output of FL1, w2 is the 1/e2 beam radius falling on
FL2, PTotal is the total optical power falling on the DMD, and P+θ is the optical power
falling on the DMD where the micro-mirrors are in +θ state. Using the Eq.5.3 notation,
1
λ
= Im  ⇒ w2 =
πw
1
 q3 
π Im 
 q3  .

λ

2
2

(5.9)

Here Im denotes the imaginary part of the quantity. In Eq.5.8, K is a correction factor.
When w2 and w3 are equal, FL2 should theoretically capture P0 completely as all the
DMD micromirrors are in +θ state with PT=P+θ. Without K, Eq.5.8 signifies that
according to the 1/e2 beam radius criterion when w2 = w3, only 86% of P0 is within the
beam radius as per the original definition for w3. Using Eq.5.8 with PR = P0, w2 = w3, PT
= P+θ, one gets:
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(

K = 1 − 1/ e2

)

−1

≈ 1.15 .

(5.10)

Thus, the VFOA attenuation loss LA is given in dB can be expressed as:


P 
 − 2w32  P+θ
 ×
LA (dB ) = 10 log R  = 10 log1.15 × 1 − exp
2

 w2  Ptotal
 P0 




.



(5.11)

In summary, the electronically controlled size w2 of the beam spot at FL2 combined with
the +θ state of the DMD micro-mirrors results in the required combined analog-digital
optical attenuation mechanism that forms the basis of the proposed VFOA.

5.3 Experimental Demonstration

The VFOA design in Fig.5.1 is implemented using an Infrared (IR) band (Center
Wavelength: 1545nm) TI DMD and a Varioptic Arctic 320 ECVFL. FL1 and FL2 have
d=25 cm and w1=0.4 mm. For the experiment, D1 = 7.5 cm , D2 = 5 cm, and D3 = 30 cm.
D3 is large enough such that the IR optical beam gets a sufficient opportunity to expand
resulting in a high beam spot size variation at FL2. As per VFOA design, D1+D2 ≠ D3;
hence the VFOA zero loss condition is not at the ECVFL flat state. Note that if D1+D2 =
D3, then the zero loss condition for the VFOA would have been at the ECVFL flat state.
The zero loss condition for the VFOA is determined by the beam size at FL2 and occurs
with all DMD micro-mirrors in +θ state and the applied ECVFL voltage of V0=40V that
gives an ECFVL focal length F of 53.48 cm. To implement analog VFOA operations, the
ECVFL applied voltage is varied between 40 V and 60 V resulting in a F variation from
53.48 cm to 4.41 cm, respectively. The corresponding 1/e2 beam radius w2 at FL2 varies
between 0.4 mm and 4.8 mm resulting in ECVFL-based attenuation due to controllable
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beam spot sizes at FL2. The ECVFL based attenuation is shown in Fig.5.2 with
attenuation values of 10 dB and 19 dB achieved by using only the ECVFL for optical
attenuation and all DMD micro-mirrors in +θ state. ECVFL drive signals of 50V and 60V
provide the attenuations of 10 dB and 19 dB, respectively.

The TI DMD used for the experiment has θ = 9.140 and a mirror pitch is 13.68 µm with
1024 X 768 individually controllable micro-mirrors allowing a high dynamic range
digital attenuation control for the incident Gaussian beam with ECVFL in V0 = 40V state
and diameter 2w1 = 0.8 mm. This maximum digitally controlled attenuation range from
the DMD was measured to be 44.5 dB. Using both the ECVFL and DMD attenuation, the
maximum attenuation dynamic range of the proposed VFOA is ~ 63.5 dB.

Figure 19 (Fig.5.2) VFOA attenuation levels of (a) 10 dB and 19 dB achieved with only
the ECVFL.
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Figure 20 (Fig.5.3) VFOA attenuation level of 50 dB with 31 dB attenuation due to DMD
and 19 dB attenuation due to the ECVFL.

The hybrid attenuation operation of the VFOA is shown in Fig.5.3 with a 50 dB total
attenuation. In this case, the DMD contributed to an attenuation of 31 dB attenuation
while the ECVFL contributed to 19 dB attenuation. The experimental plot in Fig.5.4
shows that the ECVFL based attenuation range for a 60V setting is ~19 dB. The
theoretical curve of expected ECVFL based attenuation values for the given experimental
setup is also plotted in Fig.5.4 using Eq.5.11 and deploying the values for the beam radii
w1, w2 and w3 and distances D1, D2 and D3 and assuming all DMD micromirrors are in
the +θ state. It can be seen from the plots in Fig.5.4 that the experimental and theoretical
values match appreciably in the selected regime of ECVFL operation. The total fiber-into-fiber-out optical loss for the VFOA is 4.9 dB. This loss comes from a 1.9 dB DMD
diffraction loss and a 3 dB ECVFL transmission loss at 1545 nm. The latter loss is
incurred because the Varioptic ECVFL used is designed for visible wavelengths where it
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has a much lower loss of 0.36 dB. For optimal performance (< 2 dB insertion loss), the
ECVFL has to be designed for the appropriate band with anti-reflection coatings. The
VFOA PDL is < 0.2 dB with a 15μsec switching time for micro-mirrors and ECVFL reset
time of < 100 msec. The VFOA resolution is 0.1 dB, limited by the present 0.2 V step of
the ECVFL driver electronics.

Figure 21 (Fig.5.4) Theoretical and experimental plots of ECVFL-based attenuation
versus ECVFL applied voltage.
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5.4 Conclusion

For the first time, to the author’s knowledge, a hybrid VFOA design is proposed using
the joint capabilities of a MEMS-based DMD and an opto-fluidic technology-based
variable focus lens. Experiments show that the digitally controlled DMD and the analog
voltage controlled ECVFL enhance the dynamic range of the VFOA to 63.5 dB. As the
DMD is inherently a blazed grating, the demonstrated VFOA follows a narrowband
design, although the design can be modified to produce a broadband VFOA [RR07b].
The proposed VFOA can be used in test and measurement systems.
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CHAPTER 6
HYBRID ANALOG-DIGITAL DESIGN MEMS SPECTRAL
PROCESSOR FOR SIMULTANEOUS GAIN SLOPE AND
CHANNEL EQUALIZATION CONTROLS

6.1 Introduction

Wavelength Division Multiplexed (WDM) fiber-optic communication networks require
precise optical spectrum control for high performance. Erbium Doped Fiber Amplifiers
(EDFAs) can generate varying unbalanced spectral gain response due to various factors
such as amplifier cascading and varying input power levels. Hence networks use
electronically adjustable EDFA gain slope adjustors to dynamically optimize spectrum
profile. Here various technologies have been used including birefringent plates and
Faraday rotators, tunable waveguide Mach-Zehnder couplers, and all-fiber acousto-optics
[IKT91, PTO00, NTF99, NKN99, KYK98, YLK99, GWN00, HHK00, FAB00, OHB00,
WAO02, ZSS06]. In addition, because of the real-time channel based wavelength adddrop operations, the WDM spectrum also requires channel-based equalization. Hence,
channel based equalizers [PCM97, FW98, KSR01, DSP00, BDK04] for the specific
WDM band are deployed. Although the channel-based equalizer at the cost of much
higher control complexity can be used for spectrum slope adjustment, this operation eats
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up the available attenuation dynamic range required for equalization on a per channel
basis. Hence, the goal of this chapter is to propose and demonstrate the basic operation
of a single spectral processor that can provide both gain slope adjustment plus high
dynamic range per channel equalization controls.

6.2 Hybrid Analog-Digital Spectral Processor Design

Recently, a hybrid analog-digital Variable Optical Attenuator (VOA) was proposed and
demonstrated [RK05]. Here, analog tilt motion of a Fiber Lens (FL) was used to form an
analog VOA via beam misalignment while simultaneous digital control of binary tilt state
micro-mirrors over the spatial beam zone produced a digital VOA. Using this
fundamental analog-digital controls concept, Fig.6.1 shows the proposed novel spectral
processor that forms a spectral gain slope adjuster and a channel-based spectral equalizer
within one optical system. Specifically, Bragg direction analog tilt control of the FL
coupled with the Fourier lens optical architecture interacting with a Volume Bragg
Grating (VBG) is used to realize the analog-mode gain slope adjuster. On the other hand,
digital control of micro-mirror binary tilt states within a Texas Instruments (TI) Digital
Micromirror Device (DMD™) is used to provide all-digital channelized equalization.
Light enters and exits via a circulator C connected to two single mode fibers. FL is used
to launch the light into the freespace system with three cylindrical lenses (Cy, Cx , Cy)
between the DMD™ and the VBG forming an imaging system along the y-direction and
a Fourier transforming system along the x-direction. The Quarter-wave Plate (QWP) is
used to reduce polarization dependent loss of the VBG. The VBG is oriented for Bragg
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matched operation for the mid-band wavelength λc. At this θc position, ideally the
processor has a symmetric near flat spectral response in the chosen band as the VBG is
designed for broadband high diffraction performance [YR04, RG05a] for the given
telecom band and all wavelengths would operate in a retroreflection beam path geometry
from the mirror plane. In practice, the DMD™ fundamentally acts as a wavelength
sensitive blazed grating and ideal retro-reflective operation happens for a given
wavelength such as λc. In contrast, the other wavelengths produce a slight (e.g., < 0.2º)
angular spread on reflection from the DMD™ to cause non-uniform coupling into FL
across the wavelength band. This coupling non-uniformity can be minimized by proper
choice of processor component specifications for a given spectral band. For optimal
operations, the FL tilt along the y-direction is also adjusted to its zero tilt position for
maximum retro-reflective light coupling.
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Figure 22 (Fig.6.1) Proposed Hybrid Design Analog-Digital MEMS Spectral Processor
for Simultaneous Gain Slope and Channel Equalization Controls.
To realize the slope adjustor, one changes θ by providing in-plane tilt motion to FL that
causes the incident beam to no longer strike the VBG at θc. Thus the separated diffracted
beams across the spectrum no longer strike the DMD™ in a normal incidence mode
causing a θ dependent linear beam shift of the different wavelengths returning to the FL.
This varying physical translational beam shift on FL for each wavelength produces a
changing attenuation (FL coupling) across the wavelength band. Specifically, the incident
beam tilt about θc causes the returning beams at different wavelengths to translate in the
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DMD™ + x-direction to produce a positive slope while motion in the – x-direction
produces a negative slope for wavelength dependent attenuation. Changing θ for larger
tilt angles about θc causes the received light to diverge due to longer path length
propagation, thus causing the translational spread to increase at FL producing increasing
attenuation slope values. The θc position for FL ideally gives the gain slope adjustor’s
zero slope reference position as in this case all wavelengths returning to FL should be
physically overlapping for complete and uniform power coupling into the fiber. Thus,
combining analog tilt angle nano-motion of FL within the Fourier lens geometry and pinhole type coupling of the FL, an analog-mode gain slope adjustor is realized within the
Fig.6.1 system. Do note that beam θ tilt motion due to FL in-plane tilt does move the
WDM optical channels along the x-direction on the DMD™ plane. Here the high mirror
count and pixel density of the DMD™ becomes critical via the macro-pixel per channel
concept as one simply reprograms the DMD™ mirrors to match the slightly shifted
channel location. Another feature of the proposed processor is via analog tilt motion in
the orthogonal y or non-Bragg direction that ideally gives a bias attenuation to the entire
spectrum forming a broadband VOA. Finally, digital-mode per channel attenuation can
be produced over channels in the entire spectrum via operations similar to the
channelized digital equalizer described earlier and hence not elaborated in this chapter
[RS99, RM03].
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6.3 Experimental Demonstration

As a first step, the Fig.6.1 system is tested using an Optical Spectrum Analyzer (OSA)
internal broadband laser source & OSA observation setting from 1530 nm to 1560 nm.
The VBG is aligned with the reference θ = θc input beam for a λc ~1545 nm. Aligning all
optics and mechanics, the present total fiber-in to fiber-out optical loss is ~ 12 dB
indicated by the shown highest OSA trace levels versus reference level in the
experimental results. This loss at present is dominated by Fresnel losses of optics (as all
optics are not anti-reflection coated for 1550 nm band), and the un-optimal circulator (~ 2
dB) and fiber lens (~ 2dB) losses. The DMD™-based loss is a reasonable 1.9 dB, as the
device is designed as a high diffraction efficiency blazed grating centered for the C-band.
Hence, with all optimal components, one can expect a 6 dB total optical loss.

(a)

(b)

Figure 23 (Fig.6.2) Measured example positive gain slopes of (a) 0.67 dB/nm and (b)
1.16 dB/nm from the Hybrid Spectral Processor. Trace Horizontal Scale: 3 nm/div;
Vertical Scale: 10 dB/div.

74

Figure 24 (Fig.6.3) Measured example negative gain slopes of (a) - 0.67 dB/nm and (b) 1.16 dB/nm from the Hybrid Spectral Processor. Trace Horizontal Scale: 3 nm/div;
Vertical Scale: 10 dB/div.
By varying θ ~ ≤ ± 2°+ θc , positive & negative gain slopes are generated, including the
sample 0.67 dB/nm and 1.16 dB/nm positive & negative slope adjustments shown in
Fig.6.2 and Fig.6.3, respectively. Note here that ~ 1 dB of slope deviations are observed
and these can be made smooth using some micromirrors from the DMD™. Next, Fig.6.4
shows sample simultaneous slope and notch controls using the high dynamic range
channelized-based operation of the processor and FL tilt state controls. Specifically,
notch depths in the 35 dB range can be reached as the DMD™ can provide its full 35 dB
dynamic digital equalizer suppression, while the FL tilt control provides additional
attenuation and slope adjustment. These basic early experiments show the expected
powerful operations of the Fig.6.1 processor. By tilting FL in the y-direction, broadband
spectrum attenuation is also realized, similar to the analog VOA operation. Present
spectrum attenuation measurement dynamic range is limited to a -50 dB relative range on
the OSA due to the -50 dB optical inter-port crosstalk level of the deployed circulator.
Improved processor performance can be achieved using a separate input and output fiber
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ports aligned along the y-direction.

Figure 25 (Fig.6.4) (a-d) Measured example gain slopes with notches from the Hybrid
Spectral Processor. Trace Horizontal Scale: 3 nm/div; Vertical Scale: 10 dB/div.

6.4 Conclusion

Demonstrated are the basic principles of a novel MEMS spectral processor for both
spectral slope control and channel-based equalization.

Improved alignment and

optimized optics is expected to improve processor experimental results such loss,
dynamic range, slope linearity, and θ = θc state spectral flatness.
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CHAPTER 7
HIGH DYNAMIC RANGE HYBRID ANALOG-DIGITAL CONTROL
BROADBAND OPTICAL SPECTRAL PROCESSOR USING
MICROMIRROR AND ACOUSTO-OPTIC DEVICES

7.1 Introduction

There is a growing need to accurately and precisely control the broadband spectrum of
light.

For

example,

applications

include

gas

sensing,

microscopy,

and

telecommunications. A typical optical filtering module can function as a spectral power
controller, typically called an equalizer. The goal here is to control the optical power
across a broad bandwidth, with the ability to shape, suppress or null chosen wavelengths.
Prior works on such spectral processors can be divided into two classes. The first class
uses the analog controlled attenuation mechanism of a given spectrally sensitive optical
device that includes the changing diffraction in an AOTF [KYK98], the variable
polarization state induced by a magneto-optic device [WAO02], and the varying fiberoptic coupling with changing micromirror tilt angle positions [FW98]. Because of the
analog nature of the optical device controls, these filters can have limitations in
attenuation setting repeatability, although some possess good dynamic range. The more
recently introduced second class of all-digital control filters so far implemented with a
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DMD [RS99, RM03] provide excellent repeatability due to the 100 % digitally reliable
on/off state operations of a macro-pixel made of many micromirrors, nevertheless, are
some what restricted in attenuation dynamic ranges (e.g., < 34 dB).

Ideally, one would like a spectral processor that has excellent attenuation setting
repeatability and precision as well as high dynamic ranges. Recently, a third class of
optical filter design was proposed called the hybrid analog-digital filter design that
combines the best attributes of both analog and digital controlled optical devices [R03,
R05]. Using this hybrid concept, a single channel fiber-based variable optical attenuator
[RG05a] and a combined slope canceller-equalizer were demonstrated using a digital
control DMD and a fiber lens with analog motion controls [RR07c]. In this chapter, the
hybrid concept is extended to realize a high dynamic range high degree of
programmability spectrum processor that can exploit the best attributes of both analog
and digital controlled optical spatial light modulation devices. Specifically, deployed is
the fast broadband tuning ability of a bulk AOTF device with the high space bandwidth
product and digital repeatability of a DMD to realize the desired spectral processor.

7.2 Proposed Design

Fig.7.1 shows the basic design of the proposed spectral processor using a bulk AOTF
device and a DMD. Recall that previously, a double diffraction AOTF-based analog
control spectral processor was proposed and demonstrated [RG06]. In addition, a DMDbased digital control spectral processor was implemented [RM03]. The Fig.7.1 design is
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indeed a combination of the ref.RM03 and ref.RG06 processors. Hence, only the relevant
elements of the combined analog-digital hybrid processor will be described in this
chapter. As shown in Fig.7.1, broadband light enters the system through a Fiber Lens
(FL) via a circulator C. Polarized light exiting the FL enters the bulk AOTF device with
the beam minimum waist forming inside the acousto-optic crystal. The AOTF device is
positioned such that it is Bragg matched to a center wavelength of the input broadband
light, such as at 1545 nm for the telecommunications C-Band. By driving the AOTF
device with a particular Radio Frequency (RF) drive signal containing RF amplitudes ap
at frequencies fp, multi-wavelength acousto-optic diffraction is produced at the
wavelengths λp.
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Figure 26 (Fig.7.1) Proposed hybrid analog-digital controls spectral processor using an AOTF device and a DMD.
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The on-axis un-diffracted beam coming from the AOTF device contains all the spectral
components of the original broadband signal fed into the system, with the AOTF chosen
wavelengths λp acquiring the required attenuation levels. The spatially separated +1 and 1 order diffracted beams (of orthogonal polarizations to their original input polarizations)
are blocked by an iris. Thus the un-diffracted on-axis beam after suffering wavelength
coded Bragg diffraction from the AOTF device passes through to a spherical lens S of
focal length F. S is placed at a distance F from the center of the AOTF. The Volume
Bragg Grating (VBG) is placed at the back focal plane of S, thus forming a Gaussian
minimum beam waist at the grating position to enable high diffraction efficiency VBG
operation. The VBG disperses the different spectral components of the incoming undiffracted beam according to the classic VBG diffraction process [RM03], resulting in an
angular separation of the different wavelength components constituting the applied
broadband signal. A Cylindrical Lens (CL) having a focal length of F1 is placed a
distance F1 from the VBG and the DMD. Hence, the CL converts the VBG caused
angular spread of wavelengths to a linear spatial spread of wavelengths along the x-axis
of the DMD. Furthermore, the CL allows spatial spreading along the y-direction due to
free-space beam propagation of the broadband spectrum from the VBG plane to the
DMD plane. In effect, the spectral components contained in the in-coming on-axis light
are spread over the DMD comprising of a grid of two-state micro-mirrors [RM03].

The micro-mirrors in the DMD are used to select both the optical power and wavelengths
in the optical spectrum that is selected for retro-reflective beam operations. Hence
different attenuation levels can be applied to different spectral components of the light
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coming from the AOTF device. The attenuated light is reflected away from the on-axis
path using the alternative binary state of the DMD micro-mirrors. The retro-reflected
light passes back through the VBG and the AOTF and then couples back into the FL. The
double diffraction process, first in the VBG and then in the AOTF device, naturally
produce beam realignment for on-axis coupling into the FL. It is important to note that
double passage though the AOTF device provides another opportunity of broadband
spectrum wavelength coded spectrum power controls. In effect, one doubles the power of
the AOTF device to remove or shape the returning optical spectrum from the DMD. Once
light is coupled into the Single-Mode Fiber (SMF) connected to the FL, the spectrally
processed light exits the circulator C. Note that the double diffraction process in the
AOTF device provides the analog-mode for attenuating the input optical spectrum by
choosing the appropriate AOTF RF drive signal. On the contrary, the DMD provides a
robust digital-mode attenuation operation for the input spectrum. Thus, the proposed
hybrid design uses the AOTF device and the DMD in unison to deliver the combined
features of both analog and digital spectral processing such as high attenuation dynamic
range and high attenuation resolution.

7.3 Experimental Demonstration

The Fig.7.1 design is assembled in the laboratory. The AOTF device used is a Tellurium
Dioxide device with an operating wavelength band of 1520-1640 nm and a reset time ~
34 µs [RG06]. The AOTF is Bragg matched for a wavelength of 1545 nm, with a
measured diffraction efficiency greater than 95% when driven by an 150 mW RF signal
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at 47.4 MHz. The DMD is an Infrared (IR) Texas Instruments (TI) 768 X 1024 micromirrors device designed for C-Band blazed diffraction operations with a 1.9 dB optical
loss [RM03]. The DMD ± 9.2° two-state micro-mirrors are individually controllable via a
computer interface. The micro-mirror switching speed is 15 µs whereas the total DMD
setting time is 1ms when controlled through a high speed serial port computer interface. S
and CL focal lengths are 10 cm and 10.35 cm, respectively. The VBG has 940 lines/mm
and a Bragg angle of 46.640 at 1546.5nm. The VBG diffraction efficiency at the Bragg
angle is greater than 95% resulting in a 0.18 dB optical loss. The measured loss for the
FL is 0.6 dB. Circulator used in the experiment has a total loss of 1.3 dB. The AOTF
device is uncoated for the C-band and contributes to 2.6 dB optical loss in the processor.
The minimum waist of the FL is located at a distance of 6 cm. The C-band total fiber-in
to fiber-out optical loss, for the processor, is ~ 7.5 dB.

Experiment shown in Fig.7.2 is performed to demonstrate the enhanced attenuation
dynamic range of the hybrid design processor. In this case, light from a C-band tunable
laser set at 1565 nm is fed into the processor. With the AOTF device not driven by an RF
signal and the DMD set for retoreflective operation, the processor output is recorded by
the Optical Spectrum Analyzer (OSA) and represents the zero attenuation state or the
highest spectral power for the selected wavelength. Next, for each specific wavelength,
the AOTF is driven by a specific frequency to introduce the highest level Bragg
diffraction so the spectral peak suffers an analog-mode optical attenuation shown as the
second highest peak in the Fig.7.2 traces. Typically, the double diffraction process via the
AOTF provides a maximum ~17 dB of spectral attenuation. Next, some micro-mirrors in
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the DMD at the given spectral location are made non-retroreflective to generate the third
highest attenuation state in the Fig.2 traces.
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Figure 27 (Fig.7.2) Tuned single wavelength spectral attenuation control shown over a
high ~ 50 dB dynamic range with four attenuation settings at 1565 nm. With respect to a
reference zero attenuation setting, OSA traces show a first attenuation produced via
analog controls of AOTF, a second attenuation produced by digital control of DMD, and
a third (highest) ~ 50 dB attenuation produced by full analog-digital controls of both
AOTF and DMD.

Finally, all micromirrors at the specific spectral location are turned non-retroreflective to
generate the highest attenuation state in the Fig.7.2 traces. In effect, the DMD provides ~
33 dB on all-digital mode optical spectral attenuation. Hence, simultaneously using the
analog and digital control attenuation mechanisms in the processor, Fig.7.2 shows ~ 50
dB of total spectral attenuation controls, indeed demonstrating the high dynamic range
controls of the hybrid processor. Do note that the deployed circulator had a restricted
inter-port isolation of ~ 33 dB; hence a beam splitter was placed at the exit of the FL to
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capture the returning processed light with > 33 dB attenuation controls. Future designs
can deploy the newer state-of-the-art circulators from JDSU or OE-Land (Canada) that
indicate inter-port isolation levels around 50 dB. Using broadband light from an ErbiumDoped Fiber Amplifier (EDFA) source, the 3-dB spectral tuning resolutions via the
double-pass AOTF and the DMD filter were measured to be 0.9 nm and 1.6 nm,
respectively. Note that one can choose the optimal focal length of the cylindrical lens to
equalize the spectral tuning resolution of the DMD filter with the double-pass AOTF
filter, giving uniform spectral control across the spectrum with either digital or analog
controls.

Figure 28 (Fig.7.3) OSA trace showing broadband attenuation controls demonstration
with simultaneous DMD-only controls at 1537 nm, AOTF-only controls at 1545 nm, and
hybrid AOTF-DMD controls at 1555.5 nm.
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Finally, Fig.7.3 shows an example demonstrated broadband spectral control operation of
the processor where analog-only (at 1545 nm), analog-digital (at 1555.5 nm), and digitalonly (at 1537 nm) control methods are engaged showing the versatility of the processor.
Another feature of the proposed processor is its ability to provide high resolution
attenuation controls at a number of chosen spectral locations selected by the AOTF RF
drive. In effect, one can zoom into a spectral spot using the appropriate AOTF RF drive
signal and then engage the many independent micro-mirrors in the DMD attenuation
controls to further resolve the attenuation setting to a desired value using the finer alldigital attenuation steps.

7.4 Conclusion

In conclusion, demonstrated is the first broadband spectrum processor that engages both
all-digital and all-analog spectrally sensitive optical devices to realize an all-in-one
hybrid analog-digital spectral processor.
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CHAPTER 8
NON-CONTACT DISTANCE SENSOR USING SPATIAL SIGNAL
PROCESSING

8.1 Introduction

Distance sensors measure the distance of a given target from a reference spot such as the
position of the measuring sensor. Distance sensors are vital for numerous applications
such as industrial non-destructive testing, reverse engineering, virtual reality, machined
parts quality controls, machinery operations, civil engineering, architecture, and design
and testing of large to micro-sized structures. Various distance measurement sensors have
been developed over the years that involve a variety of directed energy sources and
technologies including ultrasonics [FB91], microwave/millimeter wave radar using Radio
Frequency (RF) energy [PGW07], laser radar and a host of optical methods using
electrically modulated optical energy [BL95, ABL01, G01, SSL08, TY94]. A common
theme present with these prior-art methods is their use of the time-frequency content of
the energy sources to implement received energy signal processing to compute the sensed
distances. Although these methods have merits depending on the application, the sensor
hardware requirements on the time/frequency scale can be severe, such as requiring wide
bandwidth electronics and/or optics, leading to complex and cost intensive systems.
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Furthermore, these time/frequency processed distance sensors do not spatially sample the
targets with the best possible spatial resolution. An approach that does not use time
modulation of light to measure distance is based on the optical triangulation technique
that deploys off-axis imaging of an illuminated target where different object distance
positions correspond to different angular directed received beam spot positions on a
viewing detector array [LJC04]. Although this method is simple in operations, its
limitations include the fact that the target sampling beam spots are not minimal in size for
high resolution spatial sampling; in addition, any specular target linear displacement
motion can be accompanied with target angular motion that in-turn leads to distance
measurement errors. Thus, depending on the application, one would generally like to
have a distance sensor that has high distance dynamic range, excellent distance
measurement resolution, high spatial sampling resolution, and economical design.
Proposed in this chapter is an attempt to realize such a remote optical distance sensor that
does away with the limitations associated with the classic laser radar temporal/frequency
processing approach. Specifically a novel remote distance measurement optical sensor
design is proposed using smart agile laser beam optics and direct spatial optical
processing leading to the desired powerful distance sensor.

8.2 Proposed Sensor Design

Fig.8.1 shows the proposed distance sensor using a laser beam as the source of spatially
controlled energy directed towards a target under distance measurement [RP1]. In this
case, the target is optically reflective (shown as a mirror) over the interrogated region,
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allowing a return laser beam to enter the receive section of the sensor Transmit-Receive
(T-R) module that includes tip/tilt, rotation, and translational motion stages for proper
alignment. The target can also be an optically diffused target and in this case direct offaxis viewing of the target by a camera is required. Light from a Laser Source (LS) passes
through a Beam Splitter (BS) to enter the ECVFL than in-turn electronically produces a
laser beam with different far-field focused positions in time. The target reflected beam
retraces the transmit beam path to pass via the ECVFL to strike the BS to be deflected
towards a focusing lens S to eventually fall on a Two Dimensional (2-D) Charge-Coupled
Device (CCD).
Distance Measurement Sensor
on Tip-Tilt/Rotation Stages
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Figure 29 (Fig.8.1) Proposed distance sensor using spatial signal processing.

As the focal length F of the ECVFL is swept over a given range, the laser spot formed on
the target and also observed on the CCD sweeps over various sizes. When the CCD and
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equivalently the target observed spot is at a spatial size minimum, one deduces that the
ECVFL is set to the optimal focal length F for target distance measurement. As the sensor
module design parameters are known such as distances between the various optical
components, laser beam radius H on the ECVFL, laser beam divergence half-angle θ in
radians, S lens focal length Fs, and ECVFL focal length F for the specific target at
minimum spot size condition, one can use ray optics or geometry to compute the target
distance DT. The ECVFL performs the thin-lens imaging operation between the target
plane and the back-projected laser virtual point source P seen inside LS. Hence when the
target is in the proper focused imaging state with the ECVFL set to optimal F, the lens
imaging condition:
DT =

DS F

(D S − F ) ,

(8.1)

is obeyed. Here DS is the distance between point P and the ECVFL and by geometry
DS=H/(tanθ). For a given sensor design, the computed DS is used with the lens imaging
formula and the optimal F for the illuminated target to compute DT. For the sensor
distance measurement range DT-max - DT-min, one again uses the imaging lens formula with
the ECFVL minimum Fmin and maximum Fmax focal lengths possible to compute the
minimum DT-min and maximum DT-max target distances, respectively. The resolution of the
sensor at a target distance DT is given by:
 dD 
∆DT =  T ∆F ,
 dF 

(8.2)

where using the imaging condition, the derivative
dDT (DS − F )DS + DS F
,
=
dF
( D S − F )2
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(8.3)

The smallest possible change ∆F in F is related to the smallest possible change ∆Vc in the
applied voltage Vc to the ECVFL. As a typical ECVFL can have different F versus Vc
regimes of operation, ∆F will be different for the same voltage change given a different
absolute voltage Vc required to set the ECVFL to specific focal length F for a given target
distance DT. From optical layout symmetry conditions shown in Fig.8.1, the lens S should
be placed such that L3 = L1 – L2, where L1 is the distance between the ECVFL and laser
exit aperture, L2 is the distance between the BS center and ECVFL, and L3 is the distance
between the BS center and S. With no S present, the converging rays coming from
ECVFL and BS come to a focus forming an image point at a distance of DS from
ECVFL. In effect, at the S location one can estimate the existence of a virtual converging
lens Sv with a focal length Fv = Ds - L1. As Fv can be rather long, one can place a real
converging lens S to shorten the distance L4 between the CCD and S. In this case using
the cascading formula for two thin lenses S and Sv, the equivalent focal length distance L4
can be computed from:
1
1
1
.
=
+
L4 FV FS

(8.4)

Thus the distance L4 computed from Eq.8.4 ensures that ones get the minimum spot size
at the target and the CCD at the same time.
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8.3 Experimental Results

For a proof-of-concept experiment, the Fig.8.1 distance sensor is set-up using the
following experimental conditions: LS: 633 nm He-Ne laser; θ = 1.24 mrad (0.0710
degrees); H = 0.3275 mm; 50:50 Glass BS, Target: Visible Mirror on Translation stage;
ECVFL: Varioptic (France) Model Artic 320 Liquid Lens with voltage control step of
∆Vc = 200 mV ranging from Vc = 43 V (Fmax = 21.28 cm) to Vc = 58 V (Fmin = 4.89 cm);
ECVFL optical transmission efficiency at 633 nm is 92% and the reset time is 100 ms; Fs
= 10 cm, L1 = 9 cm. Given these conditions, one computes Ds = 26.43 cm, L2+L3 = L1 = 9
cm, Fv = Ds- L1 = 17.43 cm, L4 = 7.22 cm, DT-max = 109.21 cm, and DT-min = 6 cm. Note
that to preserve layout symmetry, L2=L3= 4.5 cm. The lens S is positioned to meet the
computed L4 = 7.22 cm distance that indeed is confirmed as the minimum spot distance
when simultaneously observing the minimum spot formed on the target. Fig.8.2 shows
sensor distance measurement design theory and experimental data as ECVCL control
voltage is tuned for a range of implemented target distances between 6 cm and 109 cm,
indeed showing a good match been design and experiment.
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Figure 30 (Fig.8.2) Sensor theoretical and experimental plots for the target distance
versus the required ECVFL control voltage for formation of target minimum beam spot.

Fig.8.3 shows the sequence of CCD images obtained by sensor for a fixed target at DT =
30 cm when the ECVFL voltage Vc is changed to 40V, 42V, 46V, 50V and 52V to
produce beam diameter sizes of 4.74 mm, 2.88 mm, 0.95 mm, 2.76 mm, and 4.06 mm,
respectively. This image data indicates that the Vc = 46 V CCD image indicates the
sensor has illuminated the target correctly for DT = 30 cm computation by the sensor
computer.
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Figure 31 (Fig.8.3) Minimum beam spot (and measured size) viewed on the CCD during
sensor measurement operations for a target distance of 30cm with ECVFL control
voltages of (a) 40V, (b) 42V, (c) 46V, (d) 50V and (e) 52V.
Fig.8.4 shows the designed ∆DT resolution of the sensor based on the Varioptic specified
ECVFL liquid lens voltage dependent focal lengths and control voltage step of ∆Vc = 200
mV. The design plot using Eq.8.1-8.3 and dVc/dF data shows the DT versus sensor
measurement resolution behavior, indicating a < 1.7 % resolution over the sensor
measurement range. For example, at a DT = 100 cm, the distance resolution ∆DT < 1.7 cm
indicating a <1.7% measurement resolution. Do note that the focused Gaussian laser
beam on the target has a λ/4 Rayleigh criterion based focal depth resolution given by ~ ±
2 λ (F#)2, where F# (F-number) of the ECVFL is equal to F(Vc)/D and D is the diameter
of the ECVFL. Thus the Rayleigh depth of focus resolution sets the fundamental distance
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sensing resolution for the proposed sensor. In effect, the voltage step for the ECVFL
should be designed to exceed this Rayleigh limit. Fig.8.4 includes a calculated plot for
this Rayleigh resolution limit given the present experimental conditions of λ =633 nm,
D=3.4 mm, and F(Vc) varying per Varioptic data sheet specification from Fmax (43 V) =
21.28 cm to Fmin (58V) = 4.89 cm. Reaching these theoretical resolution limits will
require high resolution optical detectors and edge detection image processing.

Figure 32 (Fig.8.4) Plots of designed distance sensor target measurement resolution
versus target distance. Solid line is based on ECVFL voltage step criteria while the
dashed line is based on fundamental Rayleigh depth of focus parameter.
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8.4 Conclusion

In conclusion, proposed and demonstrated is a novel distance sensor using direct spatial
processing of a laser beam. An indirect and powerful benefit of the sensor is that it
spatially samples the target with the smallest possible beam size, allowing high resolution
target spatial maps to be acquired via T-R module motion controls. The sensor
measurement range can be improved by using a lower beam divergence laser while
measurement resolution can be improved by a smaller voltage step for the ECVFL
control. The proposed sensor can be combined with prior-art time/frequency,
triangulation, and interferometric processing methods to enable an all-powerful wide
dynamic range high resolution non-contact distance sensor using a variety of source and
beam control technologies. Future work will demonstrate these non-contact distance
sensors for a variety of industrial and scientific applications.
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CHAPTER 9
AGILE LENSING-BASED NON-CONTACT LIQUID LEVEL
OPTICAL SENSOR FOR EXTREME ENVIRONMENTS

9.1 Introduction

Liquid level sensors are used extensively in various industrial applications where the
liquid depths have to be monitored with robustness, reliability, and repeatability. Many
industrial processes and aerospace platforms involve toxic and combustible fluids,
including fluids under extreme temperatures (e.g., cryogenic conditions), pressures and
radioactivity. In addition, fuel cells for scalable renewable energy storage also require the
monitoring of caustic liquid levels. Typically, such liquids are stored in mechanically
robust large volume tanks with small optical windows for basic liquid visual viewing.
Given these hazardous liquid tank conditions, it is generally not possible to insert any
type of sensor into the tank cavity as the sensor module can suffer degradation with liquid
contact, apart from acting as a potential trigger for liquid chemical or electrical
instability. As the container is sealed, a wired sensor, whether optical [BGB85, R86,
MP87, D91, W91, IK92, RKK97, IW99, YCY01, KJT01, YCK01, W01, GJ06, PRA06,
CJ07] or electrical [ACM89, N01] or ultrasonic [RLL93] is highly intrusive and suffers
from the additional problem of having no access point for wire insertion into the tank. A
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non-contact optical sensor such as a laser radar sensor [J83, PL99] is a preferred sensor
for the hazardous liquid environment, although this type of sensor requires phasesensitive RF electronics that can be expensive and EMI sensitive. The use of ultrasound
radar is another attractive non-invasive technique to measure liquid levels, but these
sensors require special ultrasonic wave coupling hardware that can be vibration noise
sensitive [LJC96, L89]. Another useful non-invasive sensor uses the classic concept of
optical triangulation [CSK02] with computer vision image processing algorithms to
determine a liquid level. This method of triangulation works best when the lighted beam
paths can have large angular access such as via open freespace scenarios. In the
hazardous large depth liquid tank scenario, one typically has a restricted small viewing
window that can also be physically thick. These optical window restrictions can cause
triangulation-based sensor performance limitations given off-axis beams are engaged for
liquid depth measurement. Another type of non-contact optical sensor using freespace
optical beams launched and received from Plastic Optical Fibers (POFs) has been
proposed [VGV04], although this method uses large 1 mm diameter multi-mode fibers
that produce limited collimation in addition to having inherent receive beam capture and
alignment issues.

Recently, a new type of non-intrusive distance sensor has been proposed that alleviates
the limitations of both laser radar and triangulation design distance sensors [RR09c]. In
particular, the ref.RR09c sensor can be optimized for use as an extreme environment
liquid level sensor without the need for broadband RF electronics and large beam
displacement off-axis viewing. The purpose of this chapter is to demonstrate for the first

98

time how the sensor design in ref.RR09c can be used to measure liquid levels.
Specifically, the demonstrated liquid level sensor uses a direct smart spatial signal
processing technique via an on-axis (or near axis) laser beam targeted to hit the liquid
surface within the limited viewing access storage tank. The sensor is designed for use
with very low (e.g., < 100 micro-Watt) laser powers within large liquid volumes, thus
keeping the optically absorbed energy levels much below typical ignition energy values
for combustible liquids. The rest of the chapter describes the sensor design and its
experimental results.

9.2 Proposed Liquid Level Sensor Design using Agile Lensing

Fig.9.1(a) shows the proposed liquid level sensor using an ECVFL. A low power Laser
Source (LS) forms a directed optical beam that passes through a Beam Splitter (BS), an
ECVFL, and an optional mirror M to actively illuminate a small zone on the liquid
surface. The liquid is enclosed in a window sealed tank suitable for large volume storage
of hazardous liquids. The light reflected off the liquid surface retraces the transmit beam
path and is deflected by the BS to pass through a lens S to fall on an optical detector chip
such as a Charge Coupled Device (CCD). The sensor transceiver module is mounted on
tip/tilt and rotation stages for optimizing optical alignment with the liquid in the tank. For
optimal on-axis reflection, the Liquid Under Test (LUT) should form an optically smooth
partially reflective surface at the laser wavelength λL. In the event that the LUT is unable
to form an adequate optically smooth surface for on-axis reflection, off-axis viewing of
the LUT scattered light surface is engaged using an optical camera also placed in the
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modified transceiver module. The refractive index of the liquid nL and the refractive
index nG of the non-liquid region (e.g., filled with air, nitrogen or simply vacuum)
provides a measure of the liquid-gas interface reflectivity via the normal incidence
Fresnel optical power reflectivity coefficient RF = [(nL - nG)/( nL + nG)]2. The values of
RF, liquid optical absorption coefficient at λL, and the maximum and minimum liquid
volume levels in the tank determines what maximum laser power can be safely used for
measurement given some light absorption is expected in the liquid.
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(a)
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(b)
Figure 33 (Fig.9.1) (a) Proposed liquid level sensor using spatial signal processing. (b)
Sensor laser beam agile focus operation set for liquid depth level A reading
corresponding to smallest liquid illumination beam focus spot. Dashed lines represent
different liquid depth levels.

The liquid level sensing via the transceiver module is implemented by changing the
ECVFL applied control signal. This action in-turn changes the focal length F of the
ECVFL that is swept across different values that result in various spot sizes on the plane
of the LUT surface. As shown in Fig.9.1(b), the best focus condition is achieved when
the optical beam falling on the liquid forms a minimum spot or a minimum beam waist at
the plane of the liquid surface, in this case liquid depth level A. This best focus
observation is governed by the imaging condition between the virtual object point P and
the surface plane of the LUT given by:
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DT = DS F / (DS − F ) .

(9.1)

As shown in Fig.9.1(a), DT is the total distance from the ECVFL plane to the surface
plane of the liquid, i.e., DT = D1 + DL + D3 while DS is the distance of point P from the
ECVFL. The point P position is determined using the known laser beam divergence half
angle θ and the known beam radius H at the ECVFL as using geometry:
DS ≈ H

θ.

(9.2)

As DH the tank height and D1 and D3 are fixed, DT can be determined from Eq.9.1 leading
to a value for DL. Next one finds the liquid level D2 = DH – DL as changing liquid levels
implies a changing DL. Note that each distinct liquid level D2 in a given tank would
require the ECVFL to be adjusted to a different focal length F in order to form the
minimum spot on the liquid surface as viewed by the on-axis CCD or the off-axis camera.
Thus by simply noting the ECVFL drive signal value (or the equivalent F) that provided
the smallest spot on the liquid level and using a stored calibration table of liquid level
versus ECVFL F value, one determines the liquid level in the tank.

In order to reduce the transceiver module size in Fig.9.1(a), a spherical lens S having a
focal length FS is placed between the BS and the CCD. This ensures that the minimum
spots still form simultaneously at the CCD and the liquid surface but with a smaller L4
distance. Without S, the CCD must be placed at a longer distance DS from the ECVFL
plane to ensure that minimum spots get imaged at both the CCD and the liquid surface
planes. The distance L4 needed for the transceiver design is computed in the following
way. S is placed at a distance of L2 + L3 from the ECVFL plane. Therefore the
converging rays falling on S can be thought to have converged due to a focal length FV
103

virtual lens present before S. The distance L4 is the effective focal length of a two lens
(i.e., S and the virtual lens) system with zero inter-lens distance. Hence, using the
standard formula for two cascaded lenses one gets:
L4 =

FV FS
.
(FV + FS )

(9.3)

Given that the ECVFL is controlled by voltage V control, the resolution of liquid level
measurement depends on the smallest voltage step that is achievable with a particular
voltage controller. The derivative of DT with respect to the F is calculated from Eq.9.1
and it is given by:
DS2
dDT
.
=
dF
( D S − F )2

(9.4)

Therefore the liquid level measurement step is given by:
∆DT (V ) ≈

DS2
dDT
∆F (V ) =
∆F (V ) .
dF
( D S − F )2

(9.5)

The focal length step ΔF depends on the regime of operation of the applied voltage and
therefore it is a function of V. The dynamic range of liquid level measurement depends
on the range of the focal lengths that the ECVFL can be tuned to as well as the degree of
collimation of the laser. Note that better laser beam collimation would result in an
increased dynamic range of the proposed sensor.

Using Eq.9.1 and Eq.9.2, one can write:
DT =

H×F
.
(H − Fθ )

(9.6)

The sensor dynamic range R is then given by:
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FMax
FMin
 .
−
R = DTMax − DTMin = H 
 (H − FMaxθ ) (H − FMinθ ) 

(9.7)

The minimum FMin and maximum FMax values for the tunable F depend on the type and
make of the ECVFL. The radius of the optical beam H at the ECVFL plane should be less
than the radius of clear aperture of the ECVFL. The degree of collimation can be adjusted
according to the required sensor application and different liquid container depths.

The percentage measurement resolution Rδ is given by:

Rδ =

⇒

D −F
∆DT (DS − F )DS + DS F
=
× ∆F × S
,
2
DT
DS F
(D S − F )

1
∆DT (DS − F )DS + DS F
1 
∆F .
=
× ∆F =  +
(DS − F )DS F
DT
 F DS − F 

(9.8)

(9.9)

As can be seen from Eq.9.9, the percentage resolution varies with the liquid level. The
Eq.9.9 expression depends on the focal length needed to form a minimum beam spot at
the liquid surface and this value of F varies with changing liquid levels. Fundamentally,
the sensor resolution is limited by the physical effect of the illuminating Gaussian laser
beam diffraction for a given F(V), specifically the beam axial (along beam propagation
direction) resolution determined by the λ/4 Rayleigh criteria given by ~ ± 2 λ (F#)2,
where F# (F-number) of the ECVFL is equal to F(V)/D and D is the diameter of the
ECVFL [M06].
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9.3 Experimental Demonstration

Fig.9.2 shows the experimental setup to demonstrate the working principles of the
proposed Fig.9.1(a) liquid level sensor. Used is a highly attenuated beam from a 10 mW
He-Ne LS with λL = 632.8 nm and θ = 1.24 mrad. In addition, deployed is a Varioptic
(France) Arctic 320 ECVFL with FMax = 21.2 cm at V = 43 V and FMin = 13.07 cm at V =
46 V. The ECVFL has a transmittance of 92% at λL. The liquid container has a length

D2 + DL = 1 m and diameter 5 cm. A gold mirror M and a glass spherical lens S having a
focal length of 10 cm is deployed. For the ECVFL, the applied voltage step is ΔV= 200
mV and the response time is less than 100 ms. H = 0.3275 mm and the distance from the
ECVFL to the liquid container top, i.e., D1 + D3 = 25 cm . L1 = 11 cm with L1 = L2 + L3
and L2 = 6 cm and L3 = 5 cm. For the given experimental conditions, DS is calculated
from Eq.9.2 to be 26.43 cm. Therefore FV is computed as FV = DS − L1 = 15.43 cm and
L4 comes out to be 6.07 cm. Using Eq.9.5, the measurement resolution is calculated to be
≤ 0.9 cm with a resolution percentage of < 1.2 %. In the present case with λ= 632.8 nm,

FMax(43 V)= 21.2 cm and D = 3.4 mm, the fundamental λ/4 Rayleigh criteria based
sensor resolution is ± 4.92 mm. The optical power incident on the liquids is ~ 50 μW.
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Figure 34 (Fig.9.2) Experimental setup of the proposed liquid level sensor. Note that the liquid tank did not use a window given the
friendly nature of liquids deployed in the experiment.
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Liquid levels for three different liquids, namely motor oil, vegetable oil and laundry
detergent are measured using the experimental sensor. The liquid optical power
reflectivities are measured to be 2.32%, 1.26% and 1.55% for vegetable oil, motor oil and
laundry detergent, respectively. Do note that one must operate the CCD in an unsaturated
mode to obtain true beam spot size readings. Hence, by using the CCD in its unsaturated
mode, any optical power fluctuations within the observed spot size do not affect the spot
boundary, thus providing robustness to the liquid level sensor measurement. Note that
depending on the designed liquid sensor range and apertures of the optics deployed (i.e.,
mirror, ECVFL, BS, S, and CCD), one must align the targeting beam accordingly with
the surface of the liquid to have full receive beam capture on the CCD. Normal incidence
of the beam on the liquid surface is ideally desirable as it retains circular symmetry of the
of the ideal circular irradiance distribution of the ideal laser source. Nevertheless, if the
laser irradiance is not perfectly symmetrical (e.g., somewhat elliptical such as common
with many lasers including laser diodes and the laser used in the experiment),
determining the ECVFL voltage when the received beam relative spot size is minimal is
more critical to sensor operations versus the actual spot size measurement. Thus,
appropriate image processing steps must be performed to compare similar shape beam
spots to determine which one has the smallest beam size measure. Depending on the
shape of the deployed laser beam, a variety of measurement parameters can be designed
and implemented via computer processing such as 1/e2 power points for typical Gaussian
laser beams or the 10% power point of the major (i.e., long) axis of an elliptic beam
[DM89, CII95].
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Plots in Fig.9.3a-c compare the theoretical and the experimental applied voltage levels V
corresponding to minimum beam spots at the liquid surfaces for different theoretical and
deployed liquid levels. As seen from the plots, the theoretical and experimental data are
indeed in good agreement for all three test liquids. The measured DL liquid level depth
ranges from 0 cm to 75 cm when V is varied from 43.1 V to 45.9 V.

(a)
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(b)

(c)

Figure 35 (Fig.9.3) Sensor theoretical and experimental plots for the liquid depth level
versus the required ECVFL control voltage for formation of minimum beam spot on the
liquid surface for (a) motor oil, (b) laundry detergent and (c) vegetable oil.
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In Fig.9.3, the measured control voltage is an average of three voltage data points taken
for a given liquid level depth DL. Note that because the deployed Varioptic ECVFL focal
length response is non-linear with voltage (see Fig.9.4) [RR09b, MAD06] and Eqn.9.5
also contains an F2 dependence in its denominator, one should expect a non-linear
response for the sensor as is also experimentally confirmed with the results in Fig.9.3.
The proposed sensor can be operated over a larger dynamic range by increasing the
collimation ‘θ’ of the laser beam. The present sensor design using the raw diverging laser
beam and Eq.9.7 design equation can provide a liquid depth level dynamic range R of
109.44 cm. This full dynamic range can be completely utilized when the ECVFL is in
close proximity to the window of the liquid tank. In the existing laboratory setup, the
liquid lens is placed 25 cm away from the liquid tank entrance and therefore ~ 84 cm of
dynamic range is available for liquid depth sensing for the experimental sensor. Note that
the theoretical versus experimental data curve fits are better for the motor oil and
detergent liquids versus the vegetable oil. This is because the motor oil and detergent
liquids have a higher viscosity than vegetable oil and laboratory environment vibrations
have a stronger effect on the lower viscosity liquid surface optical quality. Note that one
can use a faster frame rate camera to capture higher spatial stability beam spot images
that are more tolerant to liquid vibrations and surface fluctuations. More importantly, one
can deploy adaptive optics on the receive beam via a deformable mirror device and a
Hartmann-Shack wavefront sensor in collaboration with the higher speed camera to
reduce spatial deformations on the detected beam to produce a vibration robust liquid
level sensor. Also note that in certain flow situations, the liquid surface may not be
uniform such as when the liquid flow is being subjected to vibrations. Again, the solution
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to alleviate this liquid surface variation problem is to use adaptive optics-based optical
wavefront correction on the receive beam before beam capture on the CCD to complete
robust image processing for beam size measurement.

Figure 36 (Fig.9.4) Non-linear experimental response of the Varioptic ECVFL shown for
lens focal length F versus lens drive Voltage V.

In Fig.9.5, Fig.9.6 and Fig.9.7 present sequences of pictures clearly showing a large spot
size swing recorded on the CCD changing from maximum to minimum to maximum. The
picture sequences presented here are for motor oil in Fig.9.5, laundry detergent in Fig.9.6,
and vegetable oil in Fig.9.7 recorded at different depth levels for each liquid. In Fig.9.5
for motor oil with a depth level DL of 30 cm, 51 V, 48 V, 45.5 V, 43.3 V and 38 V are
applied to produce beam spot diameters of 4.06mm, 3.29mm, 1.78mm, 1.06mm and
4.06mm, respectively.

112

Figure 37 (Fig.9.5) Minimum beam spot (and measured size) for the motor oil liquid
when viewed on the CCD during sensor measurement operations for a liquid depth level
DL of 30cm with ECVFL control voltages of (a) 51 V, (b) 48 V, (c) 45.5 V, (d) 43.3 V
and (e) 38 V.

In Fig.9.6 for laundry detergent with a depth level DL of 45 cm, the applied voltage is
tuned to 50 V, 47 V, 43.5 V, 40 V, and 38.5 V to produce beam diameter sizes of 5.1mm,
3.41mm, 1.66mm, 3.52mm and 5.3mm, respectively. Fig.9.7 shows the reflected beam
spot variation for vegetable oil with a depth level of 0 cm and V is tuned to 50 V, 46 V
and 40 V producing spot sizes of 5.10 mm, 1.85 mm and 5.36 mm, respectively. By
testing the proposed sensor for three different liquids with different refractive indices,
viscosities and textures, it has been shown that the sensor works for a variety of liquids
having different optical and chemical properties.
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Figure 38 (Fig.9.6) Minimum beam spot (and measured size) for the laundry detergent
liquid viewed on the CCD during sensor measurement operations for a liquid depth level
DL of 45cm with ECVFL control voltages of (a) 50 V, (b) 47 V, (c) 43.5 V, (d) 40 V and
(e) 38.5 V.

Figure 39 (Fig.9.7) Minimum beam spot (and measured size) for the vegetable oil liquid
viewed on the CCD during sensor measurement operations for a liquid depth level DL of
0 cm with ECVFL control voltages of (a) 50 V, (b) 46 V, (c) 40 V.
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Of course, one must use the appropriate laser wavelength and optical power to get
sufficient optical reflectivity off the variety of liquids the sensor is designed such that the
CCD operates above its noise floor but below its saturation point.

Reflections from the container window are reduced using Anti-Reflection (AR) coatings
on the window faces. Distortions via the window are minimal as a high collimating beam
is expected to pass through a high optical face flatness window. Furthermore, any
unexpected distortions from the window aperture can be corrected using the adaptive
optics in the sensor system. Note that the proposed sensor resolution is a percentage of
the liquid level within the calibrated distance range of the sensor [25]. For example, the
designed sensor resolution exhibits a less than 1.7% percentage resolution for a 200 mV
ECVFL voltage change. This means the sensor has a 1.7 cm reading resolution when the
liquid level is at a distance of 100 cm from the ECVFL position and in a similar vain, a
0.51 cm resolution for an ECVFL to liquid level distance of 30 cm. Hence, for some
liquid level measurement applications, the demonstrated sensor design may be considered
adequate. Note that an improvement in sensor resolution can be achieved with a higher
collimation laser beam and smaller voltage change ECVFL drive electronics.

9.4 Conclusion

Demonstrated is a novel liquid level sensor based on a photonic spatial signal processing
technique using an ECVFL. The proposed sensor is non-intrusive and uses low optical
power with no RF electronics, thus making it suitable for closed liquid tank conditions
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used when the liquid under measurement is toxic, caustic or combustible including
liquids at extreme temperatures and pressures. The basic proof-of-concept sensor design
has been experimentally tested using a variety of laboratory friendly liquids over a range
of 75 cm depth variations. Future work relates to optimization of the sensor design for
closed tank hazardous liquid level tests.
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CHAPTER 10
SMART AGILE LENS REMOTE OPTICAL SENSOR FOR THREE
DIMENSIONAL OBJECT SHAPE MEASUREMENTS

10.1 Introduction

Three Dimensional (3-D) object sensing is required in a variety of industrial and
scientific applications such as thermal sensing, animation, laser machining, parts
inspection, virtual reality, building scanning, and architecture and model construction.
Various [CBS00] techniques have been proposed for 3-D object sensing and include
using computer vision [B88], wavelength scanning and selection [TU94, RH99, R04],
triangulation with multiple cameras [CM92, HR93, M01], triangulation with structured
illumination [CSG91], optical fringe projection [RRT00], Moire topology [T70,
WWK98], optical speckle fields [ACA09], time/frequency RF modulation of the laser
beam (i.e. laser radar) [LG09], position sensitive detection [MKM95] and holography
[NC98, WOS00]. The most direct method for target 3-D information measurement
involves a point-by-point scanning of a laser beam in the transverse dimension of the
target to acquire the target transverse data, while the target axial (in light direction)
dimension data is determined by classic distance sensing methods such as laser radar or
triangulation.
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Although the use of multiple wavelengths to image a 3-D object is a direct approach to
imaging, it has limitations including the target’s wavelength sensitive optical effects and
the wideband requirements for the optical hardware requirements. Thus, an alternative
approach proposed requires the use of a single wavelength fast 3-D laser scanner [R00]
that directly scans a 3-D object and single point high speed photo-detection for receive
light signal processing [KR04]. This method also has its limitations as it is suited for high
optical quality retro-reflective targets so receive laser light can be coupled back into the
fiber-optics or point photo-detector. Ideally, one would like to use a distance sensor that
not only acquires 3-D object reconstruction data non-invasively and directly from an
illuminated target, but also uses efficient laser beam scanning with minimal volumetric
data generation for object reconstruction and efficient receive light optical detection.
Recently, an optical distance sensor using direct spatial processing has been proposed and
demonstrated [RR09c] that does not use time/frequency modulation of the light, and
deploys the highest optimal spatial profiling resolution (i.e., transverse to optical beam
propagation axis) at all axial distances of the 3-D scan operation. This chapter deploys
the proposed spatial processing distance sensor in ref.RR09c such that it forms a spatially
smart optical sensor to reconstruct 3-D targets [RPP2]. The chapter begins with the
design theory of the proposed sensor. A basic experiment is conducted to image a given
3-D object and theoretical versus experimental data are compared. The impact of the
proposed sensor to data compression is also evaluated as it leads to smartness of
operations.
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10.2 Proposed Agile Lens Smart Shape Sensor Design

Fig. 10.1 shows the design for the proposed agile lens smart shape sensor. The sensor
uses a Laser Source (LS) as an optical input to the system. The optical beam from LS is
made to pass through an ECVFL placed at a distance L1 from the exit aperture of LS. An
ECVFL can be designed using several device technologies such as opto-fluidics, liquid
crystals, deformable mirrors, and Micro-Electro-Mechanical Systems (MEMS). For
example, the focal length F of the ECVFL can be tuned by the change of the applied
voltage V to the lens. The Gaussian beam from LS expands to a 1/e2 radius of H at the
ECVFL plane with the beam divergence angle θ. The degree of convergence or
divergence of the optical beam after passing through the ECVFL depends upon the focal
length F to which it is tuned. After passing through the ECVFL the beam is made to fall
over the surface of the object, the shape of which has to be determined. In order to
accurately determine a given object shape, both axial and transverse dimensions of the
object have to be ascertained. The next section discusses the methods to determine the
axial and transverse dimensions using the proposed sensor.
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Figure 40 (Fig.10.1) Proposed smart agile remote optical sensor for 3-D object shape
measurements. Spherical Lens: S1, Laser Source: LS, Electronically Controlled Variable
Focus Lens: ECVFL with Voltage Controller: VC.

10.2.1 3-D Object Feature Depth Measurement Technique

The proposed smart shape sensor in Fig.10.1 measures the axial dimensions or depth of a
given feature in an object by imaging a virtual minimum waist point P onto the surface of
interest on the object. The ECVFL voltage dependent focal length F(V) is tuned such that
a minimum beam spot forms over the surface of the object which is under examination.
First a reference surface on the object is chosen where DT-REF is the distance between this
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surface and the ECVFL. A minimum beam spot would form on this reference plane at a
unique applied voltage and focal length F(V). The required focal length for minimum
beam spot formation at a different DT is determined in the following way. A virtual
minimum spot point P as shown in Fig.10.1 is determined by tracing back the marginal
rays coming out of the laser. The distance DS of point P from the ECVFL plane is
determined from ray trace equations as:
DS ≈ [H / θ ] .

(10.1)

The best focus condition for the laser beam over a given surface at a distance DT from the
ECVFL is governed by the imaging condition with the object point taken as P. This best
focus condition depending on F is given by:
DT = (DS F ) / (DS − F ) .

(10.2)

Therefore for every distance DT, there will a unique F for which the best focus imaging
condition holds true. The axial depths of different object features are determined by
comparing the best focus conditions for each surface to the one for the reference surface.
The optical beam falling over a given object surface is observed through a CCD camerabased movable viewing module which is focused on the surface of interest. Focal length
F is recorded as soon as the best focus for a given feature surface is observed on the
viewing module and using Eq.10.2, DT is determined. The procedure for axial
measurements is repeated for each given surface by laterally scanning the entire object
and making similar depth measurements for each feature. Different features of varying
depths with respect to the reference surface require different values of F to achieve the
best focus condition resulting in a unique DT measurement for each feature on the given
object. The depth of a feature DF can then be determined as:
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DF = DT − REF − DT .

(10.3)

The axial depth resolution depends on the smallest attainable voltage step for the ECVFL
using a particular voltage controller. The derivative of DT with respect to F is calculated
from Eq.10.2 and is given by:
DS2
dDT
.
=
dF
( D S − F )2

(10.4)

Using Eq.10.4, the depth resolution step is calculated as:
∆DT (V ) ≈

DS2
dDT
∆F (V ) =
∆F (V ) .
dF
( D S − F )2

(10.5)

The focal length step ΔF depends upon the regime of operation of the ECVFL. The
variation of F with applied voltage V for the ECVFL can be non-linear and therefore ΔF
is a function of V. The dynamic range of the shape sensor depth measurement depends
upon the range of focal lengths that the ECVFL can operate and the degree of collimation
of the input optical beam. A higher beam collimation results in a higher dynamic range of
operation for feature depth measurements. Substituting Eq.10.1 into Eq.10.2, one gets:
DT =

H×F
.
(H − Fθ )

(10.6)

Hence, the DT measurement range depends on the degree of collimation θ o f th e laser
beam and the ECVFL maximum focal length FMax and minimum focal length FMin . Thus,
the dynamic range R1 for depth measurement is given as:



FMax
FMin
 .
−
R1 = DT − Max − DT − Min = H 
 (H − FMaxθ ) (H − FMinθ ) 
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(10.7)

FMax and FMin depend on the specific ECVFL design and its fabrication. The larger the
range of the ECVFL focal lengths, the higher is the dynamic range of operation for depth
measurements. The degree of collimation also determines the dynamic range R1 and it
can be adjusted when detecting feature depths in objects with various depth levels for
different applications.

The percentage resolution Rδ of the feature depth measurement is given by:
D −F
∆DT (DS − F )DS + DS F
.
=
× ∆F × S
2
DS F
DT
(D S − F )

(10.8)

1
∆DT (DS − F )DS + DS F
1 
∆F .
=
× ∆F =  +
(DS − F )DS F
DT
 F DS − F 

(10.9)

Rδ =

⇒ Rδ =

As seen from Eq.10.9, the percentage resolution mathematically depends upon the laser
beam collimation because DS ≈ [H / θ ] , the focal length F to which the ECVFL is tuned,
and the minimum focal length step ∆F that can be made given a specific ECVFL type and
its controller. From a physical and experimental point-of-view, the resolution also
depends on the CCD camera pixel size as well as the optical wavefront spoiling effects
caused by the camera lens such as the effect of imaging lens spherical aberrations.

10.2.2 3-D Object Feature Transverse Measurement Technique

The previous section explained how the axial depth measurements are made for any
feature on the 3-D test object. In order to accurately determine the shape of a test object,
the transverse dimensions of each feature also need to be determined along with the axial
depth measurements. The proposed sensor uses two transverse dimension measurement
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approaches that are either deployed individually or simultaneously.

10.2.2.1 Optical Beam Flooding Technique
If the feature size is such that Δx < wT-Max and Δy < wT-Max, an optical flooding technique
is used by the sensor. Here wT-Max is the maximum null-to-null optical beam size for a
given DT that occurs when the ECVFL focal length is at its maximum of FMax. In this
defined target flooding method, the optical beam falling on a given uniform (i.e., same
axial depth) surface is made to expand over that surface by controlling the ECVFL
applied voltage. Thus, the expanded beam which falls on the flat object feature surface
completely covers this surface with the illuminating light. As a result of surface
scattering, a flat feature outline is produced that can be clearly seen by a target viewing
CCD camera. Do note that any part of the beam not falling over the feature surface does
not get highly scattered from the same axial plane, thus marking an outline of the object
feature. Note that the level of surface scattering will depend on a number of optical and
target material parameters such as incidence angle, light polarization, light wavelength,
target material surface roughness scale, and target material optical absorption and
reflectance values.

10.2.2.2 Variable Sampling and Scanning Technique
The second method for transverse shape measurement is the more traditional beam scan
method and it is used when a target surface has Δx, Δy > wT-Max dimensions. In this case,
the shape sensor module is translated in the x and y-directions to enable the smart
illuminating laser beam to scan a given surface in the target x-y plane. Using the
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proposed sensor design, the spatial sampling resolution of the scan can be adjusted by
tuning the ECVFL. This aspect is further elaborated in Section 4. The beam scanning is
stopped as soon as the optical beam starts getting clipped at any edge of the surface under
test. The sensor module motion is accurately recorded to enable measurement of the
transverse dimensions of a given illuminated surface. This defined procedure is repeated
for all 3-D object surfaces to determine the complete 3-D view of the sample object. The
next section explains the sensor beam physics used to determine the transverse
dimensions of the 3-D object via the flooding and the beam scan techniques.

10.2.3 Sensor Beam Physics for the Beam Scan and Beam Flooding Techniques

A Gaussian beam optical field can be represented by the complex q-parameter q(z)
[KL66] such that:

 jkr 2

E (r , z ) ∝ exp
 , where
(
)
q
z
2


λ
1
1
=
−j 2
q(z ) R(z )
πw (z ) .

(10.10)

(10.11)

Here λ is the wavelength, R(z) is the radius of curvature of the beam wavefront, k = 2π/λ,
and r = x 2 + y 2 , where (x,y) are the Cartesian coordinates of the optical field plane.
Here w(z) denotes the 1/e2 beam waist at any distance z from the minimum waist virtual
point P. At P, substituting R = ∞ in Eq. 10.11 gives the beam q-parameter qp as:

πw02
qP =
j.
λ

(10.12)
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The 1/e2 optical beam radius at a distance DS from point P at the liquid lens is H and the
minimum beam radius at point P is w0 with:

 λ2 D 2 
H 2 = w02 1 + 2 S4  ,
 π w0 

(10.13)

and by solving for w0, one gets:

w0 =

H2 − H4 −

4λ2 DS2

π2

2

.

(10.14)

As seen in Fig.10.1, The test surface of the object under measurement is located at a
distance DS + DT away from point P. The ABCD matrix for beam propagation from point
P to object surface plane is [KL66]:

 A B  1 DT   1
C D  = 0 1  × − 1

 
  F
 DT
A
B

 1 − F
⇒
=
C D   − 1
 F

0 1 D 
S
×
,
1 0 1 

DS DT 
F .

DS
1−

F


(10.15)

D S + DT −

(10.16)

From Eq.10.16, it is determined that:
A = 1−

DT
,
F

B = D S + DT −
C=−

(10.17)
DS DT
,
F

(10.18)

1
,
F

(10.19)
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D = 1−

DS
.
F

(10.20)

The complex q-parameter qT at the plane of interest of the test object is given by:

qT =

qT =

Aq P + B
.
Cq P + D

(10.21)

AqP + B
Cq + D
.
⇒ 1 = P
q
T
CqP + D
AqP + B

(10.22)

 Cq + D 
−λ
 ,
= Im P
2
πwT
 Aq P + B 

(10.23)

From Eq.10.11,
Im(1 / qT ) =

⇒ wT =

−λ
.
 CqP + D 

π × Im
 AqP + B 

(10.24)

From Eq.10.24, the optical beam 1/e2 spot size wT falling on the surface of a given object
is determined. Im denotes the imaginary part of a given quantity. The null-to-null spot
size is determined using the standard Gaussian approximation which relates the 1/e2
radius of a Gaussian beam to a beam radius which contains approximately 99% of optical
power. Thus one can write [FM04]:
R99 = 1.517 R1 / e 2 .

(10.25)

Here R99 is the beam radius which contains 99% of the total beam power and R1/e2 is the
1/e2 beam radius. It is seen from Eq.10.24 that the beam radius wT depends on the beam
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ABCD parameters which depend on the focal length of the ECVFL. By changing F, the
beam size wT can be varied from a minimum to a maximum at the object surface plane.
The ability to alter the size of the optical beam falling on a given surface using the
ECVFL enables the sensor to work in transverse scan mode with a variable scan
resolution. Depending on the transverse dimension of a given feature on an object, the
scan resolution can be adjusted. This is a highly desirable feature as redundant scan
points are avoided for object features with large transverse dimensions or large flat
objects with slowly changing surface features over the object structure.

The transverse resolution and the transverse dynamic range of the sensor measurement
are critical in the proposed sensor operation. The transverse resolution is calculated in the
following way. We know from Eq. 10.5 that the axial resolution is given by:
DS2
∆DT (V ) =
∆F (V ) .
(DS − F )2

(10.26)

The smallest beam spot forms at a given DT for an ECVFL focal length F. When the
applied voltage is changed by the smallest voltage step ΔV without changing the object
surface distance, the new best focus distance DT-New is given by:
DT − New = DT + ∆DT ,

(10.27)

and the new focal length is given by:
FNew = F + ∆F .

(10.28)

From Eq.10.16, the new ABCD parameters for the beam with object plane DT from the
ECVFL would be given by:
ANew = 1 −

DT
,
FNew

(10.29)
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BNew = D S + DT −

C New = −

DS DT
,
FNew

(10.30)

1
,
FNew

DNew = 1 −

(10.31)

DS
.
FNew

(10.32)

The subscript ‘New’ denotes the slightly modified ABCD parameters at FNew. The
complex q-parameter at this slightly new focal length is qnew and it is given by:

q New =

ANew q P + B New
C q + D New
.
⇒ 1 / q New = New P
C New q P + D New
ANew q P + B New

(10.33)

The beam waist at this new location is wNew and it is given by:

wNew =

−λ
−λ
=
.
 C New qP + DNew 
π × Im 1 q 

π × Im
 New 
 ANew qP + BNew 

(10.34)

The transverse resolution RT is calculated by the change of the beam radius at a fixed
plane DT from the ECVFL when the control voltage is stepped up by ΔV and it is given
by:

RT = wNew − wT ,
Where
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(10.35)

RT =






λ 
−1
−1
×
−
.
π 
 C New qP + DNew 
 CqP + D  


Im
Im

Aq
B
+
A
q
B
+
P
 

P
New
New




(10.36)

The factor by which the spatial sampling can be altered depends on the difference
between the minimum and the maximum spot sizes for a given DT. This in turn depends
on the range of focal lengths that one can tune the ECVFL. The maximum to minimum
spatial sampling factor ξ is defined as:

ξ=

wT − Max
,
wT − Min

(10.37)

ξ can be computed for each DT by tuning the ECVFL for all permissible values of F. In
order to determine the spatial sampling resolution of the shape sensor, the feature size
which the sensor is trying to determine has to be taken into account. In case the beam
flooding technique is not used, then the scan technique should be able to determine the
transverse dimensions of the smallest feature. The choice of the technique for transverse
measurement depends on the feature size to be measured as well as the type of target and
its application scenario.
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10.3 Three Dimensional Shape Sensing Experiment
The setup in Fig.10.1 was implemented using an Electro-wetting [SPL04] technologybased Arctic 320 tunable focus liquid lens [MAD06]. The focal length of this lens varies
from FMin = 4.89 cm (V=58 V) to FMax = 21.28 cm (V=43 V) when used in a convex
lensing arrangement. In the concave lensing configuration, the focal length varies from a
near flat state to –19.9 cm. The laser source used for the experiment is a 633 nm He-Ne
laser with a beam divergence angle θ of 1.24 mrad. The beam expands to a diameter of
2H = 0.655 mm at the ECVFL plane for L1=12 cm. Given these conditions, using Eq.10.1
one computes DS = 26.43 cm. This optical beam from the laser source passes through the
ECVFL and hits the object whose shape is to be determined. The test object was
constructed using LEGOTM blocks and it is shown in Fig.10.2. The test object was
carefully designed such that different protrusions would have distinguishable dimensions
in length, width, and height with respect to a reference measurement plane. Fig.10.2b
shows the dimensions of this test object showing three different protrusions. These
reference measurements were made using a Caliper.
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Figure 41 (Fig.10.2) The sky-scraper structures test object (a) top view photograph, (b)
top view drawing, (c) side view photograph and (d) side view drawing. A US currency
Nickel (5 cents) coin is shown for scale comparison.

In Fig.10.3, calibration curves for the demonstrated sensor are plotted. Three sets of
theoretical and experimental curves are shown. Fig.10.3a shows the variation of the
applied voltage V required to form a minimum beam spot at different object distances DT.
The theoretical curve in Fig.10.3a is plotted using Eqs. 10.1 to 10.6. This plot is used to
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measure the depths of different planes for a 3-D object. Next, in Fig.10.3b, the minimum
and maximum 1/e2 beam spot diameters for different object plane distances have been
plotted. This spot size variation is determined by the tuning range of the ECVFL focal
length. The minimum spot size at a particular DT determines the highest spatial sampling
rate and hence the smallest feature that can be accurately determined. The maximum
beam size determines the lowest spatial sampling possible with the proposed shape sensor
and it is an extremely useful characteristic when probing larger surfaces with large
features. The theoretical reference curve in Fig.10.3b is plotted using Eqs.10.10-10.24.
Using the minimum and maximum beam spot sizes in Fig.10.3b, the ratio of the
minimum to maximum spot sizes at different target distances is plotted in Fig.10.3c. This
determines the factor by which the spatial sampling rate can be altered at different scan
depths. This beam size dynamic range is found to be greater than 3 for the entire range of
operation of the sensor.

(a)
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(b)

(c)
Figure 42 (Fig.10.3) Sensor calibration plots for (a) target distance vs applied voltage for
minimum spot size, (b) minimum and maximum spot diameters for different target
ranges, and (c) spot size dynamic range for different target distances.
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For the experiment, DT was set to be 50 cm. This is the distance from the ECVFL plane
to the reference plane of the object. Feature extraction using the beam expansion flooding
technique is demonstrated for surface ‘A’ in Fig.10.4. Three snapshots are presented as
the incoming beam hitting surface ‘A’ is expanded by changing V for the ECVFL from
15 cm to -19.9 cm. The beam is shown to expand from a null to null diameter of 3mm in
Fig.10.4a to 7 mm in Fig.10.4b. Finally the beam is expanded to cover surface ‘A’
completely as seen in Fig.10.4c so that the feature outline is fully visible.

Figure 43 (Fig.10.4) Mini sky-scraper structures feature extraction of Surface ‘A’ using
the flooding method implemented by agile lensing based beam expansion when Surface
‘A’ is 37.5 cm from the ECVFL.

Next in Fig.10.5, measurements made on surface ‘B’ are demonstrated using the variable
sampling and scanning technique as this surface is too large to be measurable simply by
using the flooding technique. As can be seen in Fig.10.5 (a-d), the optical beam,
expanded to a null-to-null diameter of 6 mm, scans surface ‘B’ and is shown to touch the
four corners of the surface under measurement. The beam was moved by 18.1 cm from
one edge to the opposite edge. Adding up the beam diameter to this scan distance
determined the dimension of surface ‘B’ as 18.1 mm + 6 mm = 24.1 mm in both
directions.

The beam expansion method reduces the spatial sampling required to
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completely scan the surface. Using the same beam expansion and scan technique, the
dimensions of surface ‘C’ are determined to be 15.8 mm X 15.8 mm. These measured
dimensions are marked in Fig.10.6.

Figure 44 (Fig.10.5) Mini sky-scraper structures feature extraction of Surface ‘B’ using
an expanded beam of null-to-null diameter of 6 mm and employing low resolution
surface scanning by object motion.
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The height of each protrusion is measured by making the optical beam fall over each
surface one at a time and forming a minimum spot over each surface and the distance of
the surface from the ECVFL plane is determined. The distance DT-REF of the reference
plane of the test object from the ECVFL is also determined in the same way. The
minimum spot at the reference plane forms at an applied voltage of 44 V. Hence from
Fig.10.3a, DT is determined to be 50 cm. The minimum beam spots for surface ‘A’,
surface ‘B’, and surface ‘C’ are formed for applied voltages of 44.3 V, 44.9 V and 44.5
V, respectively. The distances of surface ‘A’, surface ‘B’ and surface ‘C’ from the
ECVFL plane are thus determined to be 46.3 cm, 38 cm and 41.5 cm, respectively. Using
Eq.10.2 surface ‘A’ is measured to be 3.7 cm in height, surface ‘B’ is 12 cm in height and
surface ‘C’ is 8.5 cm in height with respect to the reference plane.
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Figure 45 (Fig.10.6) Reconstructed shape of the object mini sky-scraper structures 3-D
test using both flooding and scanning techniques.

The CCD camera imaging system has a magnification ratio ‘M’. To accurately determine
the transverse dimensions of each target feature, M has to be determined. This image
capture calibration is done by measuring the minimum beam diameter as seen by the
CCD camera for a given DT and comparing it to the expected minimum beam size for
that value of DT. The spot size (also captured on the CCD camera) at this given DT is
varied until such a beam spot is achieved that increasing or decreasing the ECVFL
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applied voltage by one step ΔV only results in an increase in the spot size. This signifies
the beam spot size minima and the corresponding optical beam is mapped to a certain
number of pixels on the CCD camera. The size of the CCD pixel grid and the number of
grid elements are already known. Using this information, the beam spot size on the CCD
is determined. The theoretical minimum beam spot size for any given DT is determined
using Eq.10.24. M is determined for a given DT by comparing the minimum beam size
measured by the CCD to the theoretical minimum beam size. Once M is determined, the
viewing module focus is fixed for small 3-D objects which require a small range of
viewing module foci. For large objects, the viewing module focus has to be altered and M
is determined for each surface feature. “M” is measured to be 0.182 for the experiment.
Using Eq.10.7, the axial resolution of the sensor is determined to be < 1.7 cm. Similarly
using Eq.10.36, the transverse resolution of the sensor is calculated to be < 0.15 mm.

Fig.10.7 shows the block diagram for the computer algorithm used to compute the nullto-null beam diameter of a given CCD image. After reading the grayscale x-y image from
the CCD, the maximum pixel intensity value ‘ψ’ is stored for reference. Next, the image
is scanned line-by-line in both the x-direction and the y-direction. As one determines the
null-to-null beam size according to the definition of Eq.10.25, for each line scan the
maximum number of consecutive pixels having an intensity > 0.01ψ is recorded. Then
the longest pixel sequence in both the x-direction (PX-Max) and the y-direction (PY-Max) is
computed. Next, the null-to-null beam diameter in both the ‘x’ and ‘y’ directions is
computed by the following equations:
2WT − X = PX − Max × D X − Pixel .

(10.38)
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2WT −Y = PY − Max × DY − Pixel ,

(10.39)

where DX-Pixel and DY-Pixel are the CCD pixel pitch values in the x-direction and the ydirection, respectively.

Figure 46 (Fig.10.7) Block diagram of the computer algorithm used to determine beam
diameters.

The dynamic range R of feature height measurement is 109.44 cm. This dynamic range is
determined by the range of focal lengths for which the ECVFL can be tuned. The
percentage errors in transverse measurements for surface ‘A’, surface ‘B’ and surface ‘C’
are 0.625%, 0.41% and 0.38%, respectively. Similarly the height measurement errors for
surface ‘A’, surface ‘B’ and surface ‘C’ are 4.03%, 3.9% and 2.01%, respectively. A
higher dynamic range for height measurement can be achieved for the proposed sensor if
the laser beam is collimated instead of being used as a raw beam as it has been done for
the present experimental demonstration.
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The Gaussian laser beam has a λ/4 Rayleigh Criterion based focal depth of Δz ~ ±2
λ(F#)2 where λ is the wavelength of the optical beam and F# (F-Number) of the ECVFL
is given by F(V)/D where D is the diameter of the clear aperture of the ECVFL. This
focal depth Δz is < 0.492 cm for the operating range of the demonstrated sensor using an
ECVFL with D = 0.34 cm and F(V) = FMax = 21.28 cm. Much like a confocal
microscope, the depth of focus sets the fundamental limitation on the depth resolution of
the proposed sensor.

10.4 Implications for 3-D Information Capture and Transfer
As shown in Fig.10.8, the proposed smart spatial sampling optical sensor for 3-D targets
can match the transverse optical beam size to the target transverse feature size at the
given axial (along optical axis) location. This can be done by engaging the diverging
beam or negative focal length control of a given ECVFL lens. Hence, spatial sampling
smartness is produced with instantaneous spatial mapping of the flat target feature zone
(e.g., AB, CD, and EF shown in Fig.10.8) implemented without the need for point-bypoint smallest resolution transverse beam scanning over the flat feature zone. Thus,
compared to prior-art optical distance measurement 3-D sensors (see Fig.10.8(a) and (b))
where the scanning beam spot size stays fixed (apart from the natural beam diffractionbased expansion) for all 3-D scan positions of the beam on the 3-D target (what is called
non-smart spatial sampling), the proposed sensor adjusts the transverse beam spot size at
each axial position based on the specific target’s 3-D shape profile (See Fig.10.8(c)
where feature size is AB). Hence, the agile sampling spot can be several times the spot
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size due to a naturally divergent beam. Of course, for higher spatial sampling resolution
in the transverse plane, the proposed sensor operation can be used with the ECVFL in its
converging lens state (see Fig.10.8(d)). Thus, using the ECVFL diverging state, an
optimized smaller sampling data set (see Fig.10.9) can be generated for a given target, in
particular when the feature size is smaller (e.g., CD or EF in Fig.10.8) than the natural
diffracted beam spot size (Fig.10.8(a)).
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Figure 47 (Fig.10.8) Transverse direction 3-D object spatial sampling by a scanning laser
beam using the (a) classic uncompressed data diffraction limited beam expanding laser
spot, (b) similar to classic unassisted laser beam scanning when ECVFL is in its flate nolensing state, (c) smart data compressed large beam spot size scanning using the ECVFL
in its diverging lens mode with spot size matched to target feature size AB, and (d) High
spatial resolution target feature sampling using the ECVFL in its converging lens mode
with laser spot smaller than target feature size.

Fig.10.9 assumes a symmetric sample target feature and the proposed sensor is engaging
the diverging power of the ECVFL lens, i.e., F(V) is negative. Specifically, one can
define a transverse feature scan data compression factor as:
 N
C F = 
 NC

2


 ,


(10.40)
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w
⇒ C F =  T − Div
 wT −∞

2


 ,


(10.41)

where NC is the compressed number of scan pixels in the x or y-directions and N is the
number of uncompressed pixels for the same scan length. Here wT-∞ and wT-Div are the
beam radii for the classic diffraction case (when no agile lens is used) and the scenario
with an activated agile lens, respectively. Given a situation where wT-Div = 5wT-∞, the
compression factor CF = 25, implying 25 times less data generated for storage and
transfer. In addition, 25 times smaller object scanning operations are needed, which could
imply faster feature scan completion time.

Depending on the optical surface quality of the target (diffused or specular), the targeted
beam spot on the object is monitored by an off-axis optical camera or an on-axis photodetector optics and electronics. Thus, the spot detection optics and electronics provides
feedback to the variable lens controllers to produce the minimal scanned spot beam to
gather the shape reconstruction data for the 3-D object. Hence, the proposed novel sensor
using agile focal lengths allows volumetric data compression for transverse
measurements during the remote sensing of 3-D objects.
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Figure 48 (Fig.10.9) (a) Fixed laser spot size transverse beam scanned uncompressed
target feature mapping and (b) Agile lens smart laser beam spot size transverse beam
scanned compressed data target feature mapping.
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10.5 Conclusion

This chapter presents a novel agile lensing-based technique to measure the shape of a
given 3-D object. Specifically, the depth measurement for the 3-D object is made by
focusing an optical beam on the surface of each feature. The focal length to which the
agile lens is tuned determines the depth of each feature. The transverse measurements are
made using a proposed optical beam flooding technique or the more traditional optical
beam scan technique. A proof of the concept sensor is designed for laboratory
experimentation and successfully demonstrated to measure the 3-D shape of three given
mini skyscraper structures. The proposed sensor can be particularly useful for industrial
applications where remote measurements of well structured 3-D objects are required such
as in extreme environments of highly corrosive chemicals, hot/cold temperatures, and
high electric/magnetic fields.
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CHAPTER 11
AGILE LENS-BASED BROADBAND VARIABLE PHOTONIC
DELAY LINE

11.1 Introduction

The subject of Variable Photonic Delay Lines (VPDLs) has been a key area in photonics
research keeping in view a variety of applications that include phased array antenna
controls, RF transversal filtering, and all-optical signal processing and communication
systems. Various VPDL designs using different technologies have been proposed in the
past for ultra-short, short, medium, and long range optical signal delays. Free-space [R97,
MR00, DJA96, YM94] and optical fiber-based [GDZ89, S86b, EFD93, RAK 04, R09]
designs have been proposed in the past for varying time delay dynamic ranges of
operation. The advantage of a free-space optical delay line design is that it can essentially
eliminate the temporal spreading of a broadband optical signal that otherwise happens
when using the inherently dispersive optical fiber medium is used as the variable delay
medium. The problem with prior-art freespace moving mirror delay lines is that when the
mirror is translated to change the delay of the optical beam, the light coupled back into
the input/output fiber and RF modulator optics suffers a strong and varying loss that
greatly limits the delay range of the VPDL range to very short (e.g., < 100 ps) delays.
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Specifically, optical loss ramps up quickly to over 30 dB and cannot be compensated by
optical amplifiers. Most antenna control and RF signal processing applications using
broadband light require delays in excess of 100 ps and hence one would ideally desire an
optically broadband VPDL that essentially eliminates the large optical loss and works
over 100 ps delays and in-fact into the several nanoseconds regime. This chapter
presents, for the first time, such a desired VPDL using the concept of an agile lens-based
free-space broadband VPDL. The chapter proves the optical design of the novel agile
lens-based VPDL and also experimentally verifies its operation in the RF and optical
domains.

11.2 Proposed Agile Lens-Based VPDL Design
The design of the proposed agile lens-based VPDL is shown in Fig.11.1. As seen in the
figure, the delay line is designed using a Fiber Lens (FL), an Electronically Controlled
Variable Focus Lens (ECVFL), a flat mirror M and an optical circulator C. Light enters
the system through the input IN port which is connected to a FL via a Single Mode Fiber
(SMF). At a distance ‘2d1’ from FL, the Gaussian beam expands to a waist which is equal
to the beam waist 2w1 at the exit aperture of FL. This is referred to as the self-imaging
distance of a fiber lens [BR03]. The ECVFL is placed at this FL self-imaging plane. The
diverging beam is focused back by the ECVFL forming a minimum beam waist 2wMin at
a distance ‘d2’ from the ECVFL. This distance depends on the focal length the ECVFL is
tuned to. Depending on this ECVFL focal length F, a mirror M is positioned at the
minimum beam waist plane such that the minimum beam spot forms on M. This ensures
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that the reflected beam exactly traces the path of the incoming beam and couples back
into FL with essentially no additional losses. The ECVFL focal length satisfying this
coupling condition for a given mirror motion D1 is labeled as FIdeal.

Figure 49 (Fig.11.1) Proposed Agile Lens-based VPDL: Fiber Lens FL, Electronically
Controlled Variable Focus Lens ECVFL, Mirror M and Circulator C.

A requirement for the proposed folded optical system to form a minimum beam waist at
M for lossless operation has been exploited to propose a lossless free-space optical delay
line using agile lensing. By moving the mirror M and adjusting F, a lossless FL coupling
condition can be achieved for different mirror positions. The mirror motion constitutes
broadband optical signal delay and the VPDL operation. Fig.11.1a shows the zero
reference delay setting of the proposed VPDL. The ECVFL is set to its minimum focal
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length FMin (i.e. strongest lensing) and hence the minimum beam waist 2wMin is formed
closest to the ECVFL. Next the ECVFL focal length is varied to larger focal length
values and the minimum beam waist is pushed farther away from the ECVFL as shown in
Fig.11.1b. This additional distance ‘D1’ with respect to the zero delay reference position
(at F = FMin) causes the optical signal to travel a greater distance. This additional time
delay ΔT is given by:
∆T =

2 D1
,
v Air

(11.1)

where vAir is the velocity of light in air. The next steps show the calculation of the
minimum beam waist location for different values of F and the time delay dynamic range
of the VPDL is also determined.
A Gaussian beam optical field can be represented by the complex q-parameter q(z) such
that [11]:

 jkr 2

E (r , z ) ∝ exp
(
)
2q z 

, where
λ
1
1
=
−j 2
q(z ) R(z )
πw (z ) .
Here λ is the wavelength, k=2π/λ, and r =

(11.2)

(11.3)

x 2 + y 2 where (x,y) are the Cartesian

coordinates of the optical field plane. q1 is the Gaussian beam q-parameter at the location
of the minimum waist radius, z is the optical beam travel direction, w is the 1/e2 beam
radius, and R is the radius of curvature of the Gaussian beam wavefront. Using Eq.11.3
with R(z) = ∞ and beam waist radius w Min1 at a distance ‘d1’ before the ECVFL, the qparameter is given by:
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2
πwMin
1
q1 =
j.
λ

(11.4)

Therefore, the q-parameter q2 of the beam at distance d2 after passing through the ECVFL
is given by [KL66]:

q2 =

Aq1 + B
.
Cq1 + D

(11.5)

Here A, B, C and D are the elements of the ABCD matrix involving the beam
transmission through the ECVFL and its subsequent propagation for a distance d2 until it
gets to a minimum beam waist 2wMin. In other words, one can write the matrix as [KL66]:

 A B  1 d 2   1
C D  = 0 1  × − 1

 
  F

0 1 d 
1
×
1 0 1  ,


(11.6)

where F is the focal length of the positive focus ECVFL.

 A B  1 d 2   1
⇒
=
× 1


C D  0 1  − F

d1 
d 
1− 1  ,
F

(11.7)

 A B  1 d 2   M 1
⇒
=
×
C D  0 1   M 3

M2
,
M 4 

(11.8)

 A B  M 1 + d 2 M 3
⇒
=
M3
C D  

M 2 + d2M 4 
,
M4


(11.9)

From Eq.11.3 and Eq.11.5 we have:

Cq + D
1
1
λ
=
−j 2
= 1
.
q 2 R2
πw (d 2 ) Aq1 + B

(11.10)

When a minimum beam waist forms at a distance d2, then the complex q-parameter
satisfies the condition:
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 1
Re
 q2


 = 0 .


(11.11)

Here ‘Re’ denotes the real part of the complex quantity. Solving Eq.11.11, we get a
relationship between d2 and F. This is given as:
2

 πw 2 
− M 2 M 4 − M 1 M 3  Min1 
 λ  .
d2 =
2
2
2
2  πwMin1 

M 4 + M 3 
 λ 

(11.12)

In Eq.11.12, the only variable on the right hand side of the equation is F, given that wMin1,
λ and d1 are known. Hence the freespace distance change dynamic range R of the VPDL
is given by:
R = d 2 Max − d 2 Min ,

(11.13)

Where d2Max and d2Min are the values of d2 at F = FMax and F = FMin respectively and FMax
and FMin are the maximum and minimum ECVFL focal lengths respectively. Hence the
time delay dynamic range RT of the VPDL is given by:

RT =

2(d 2 Max − d 2 Min )
v Air

(11.14)

The next section shows the experimental demonstration of the proposed design.

11.3 Experimental Demonstration of the Agile-Lens Based VPDL
The proposed design in Fig.11.1 was experimentally demonstrated using a Varioptic
Arctic 320 liquid lens, an IR 1545nm laser source and a 2d1 = 12.5 cm self imaging FL.
A movable IR mirror was placed on a mechanical rail such that the mirror assembly
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could slide on the rail to change mirror positions. To show signal delay, the IR light from
the laser source has been modulated using a 500MHz Radio Frequency (RF) signal. Light
exiting through the output OUT port was demodulated using a Nortel Networks photodetector, thus retrieving the RF signal. To emphasize the importance of using an ECVFL
for a lossless freespace operation, Fig.2 shows the comparison between the optical power
levels at the output port of the VPDL when F is set to FMin and when F is set to FIdeal for
D1 = 5cm, 10cm, 15cm. The difference in output optical power levels are 3.9dB, 5.7dB
and 9.9dB respectively for D1 = 5cm, D1 = 10cm and D1 = 15 cm mirror positions,
respectively. Light couples back efficiently into FL when F = FIdeal for different mirror
positions but as D1 increases, the light coupling efficiency reduces for the reference
condition of F = FMin. Hence the difference in power levels in Fig.11.2 increases for an
increasing D1. In other words this implies that the freespace delay signal would have
suffered an expected increasing optical loss if the ECVFL was to be replaced by a static
lens with F = FMin and this loss would have been equivalent to the difference in the power
levels shown in Fig.11.2 for different mirror positions. Note that had the reference zero
delay position been set to the self imaging location (i.e. d2Min = 0), the separation
misalignment loss [BR03] would have been much greater. Note that the maximum value
of D1 is equal to R as determined using Eq.11.13 with wMin1 = 0.69mm, FMin = 4.9cm and
FMax = 21.1cm. R is calculated to be 16.2cm. Hence the maximum D1 for the experiment
was chosen to be 15cm. The time delay range is calculated using Eq.11.14 and for the
given ECVFL RT = 1.08ns.
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(a)

(b)
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(c)
Figure 50 (Fig.11.2) The optical power level difference between F = FMin and F = FIdeal
ECVFL setting for a) D1 = 5cm, b) D1 = 10cm, and c) D1 = 15cm.
Next, Fig.11.3 shows the oscilloscope traces of the delayed RF signals for mirror
positions of D1 = 5 cm, 10 cm and 15 cm. Each plot shows two traces. The lower curve in
each plot shows the retrieved 500MHz signal for the D1 = 0 cm reference mirror position
in the optical setup. This is used as the reference signal to measure delays. The upper
curve shows the RF signal retrieved for each of the three mirror positions. Signal delays
of 1/3 ns, 2/3 ns and 1 ns are shown for mirror positions D1 = 5 cm, D1 = 10 cm and D1 =
15 cm, respectively.
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(a)

(b)

(c)
Figure 51 (Fig.11.3) Oscilloscope traces for a 500 MHz RF signal delay via the proposed
VPDL set for delays of a) 1/3 ns, b) 2/3 ns, and c) 1 ns.
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(a)

(b)
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(c)

(d)
Figure 52 (Fig.11.4) Plots of broadband system response at F = FIdeal for mirror positions
of a) D1 = 0 cm, D1 = 5 cm, D1 = 10 cm, and D1 = 15 cm.
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Finally Fig.11.4 shows the broadband response of the proposed design. These plots show
the C-Band (1530nm-1550nm) spectral response of the system for mirror positions D1 =
0cm, D1 = 5cm, D1 = 10cm and D1 = 15cm. As seen in Fig.4, the measured spectral
variation for the given wavelength band is ± 0.2dB and this is because of the uncoated
surfaces of the agile lens and its Fabry-Perot response.

The components used for the experimental demonstration have different optical loss
values for the communication C-Band for which the experiment was performed. The
ECVFL transmission loss was measured to be 3.5 dB. As the optical beam is made to
pass through the ECVFL twice for the proposed delay line operation, the total ECVFL
loss is measured to be 7 dB. The loss of the Fiber Lens (FL) is characterized to be 0.65dB
for light traveling in any single direction through the FL. As seen in Fig.1, light passes
twice through FL. Hence the total FL loss is 1.3 dB. The FL-to-Freespace-to-FL coupling
loss for the experiment was 0.5 dB. The circulator port1-port2 loss is 0.6 dB and port2port3 loss was measured to be 0.3 dB. Hence the total system loss for the delay line
experiment was 9.7 dB. Note that the ECVFL loss is due to its design for use in the
visible optical wavelengths (400nm-700nm) where it is designed for a 92% transmission
or 0.5 dB loss. With proper IR Anti-Reflection (AR) coating on the ECVFL, the IR single
pass ECVFL loss is expected to be 0.5 dB and this reduces ECVFL caused total loss from
7 dB to 1 dB when the IR beam is passed through the ECVFL twice. Today, a high
quality FL has a single pass loss of 0.1 dB. Similarly, an excellent commercial circulator
has a 0.1dB port-to-port (port1-port2 and port2-port3) loss. Hence by employing an IR
AR coated ECVFL with optimized FL-freespace-FL coupling of 0.1dB and best FL and
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circulator, the total optical system loss is reduced to 1.5dB. In effect, compared to priorart freespace variable delay design for a 1 ns delay with a maximum loss of 19 dB, the
proposed delay line has a much improved 1.5 dB loss.

11.4 Conclusion
In conclusion, presented for the first time is a loss controlled broadband freespace VPDL
using electronically controlled agile lensing. The proposed design uses the electronic
tuning capability of an agile lens to implement a controlled loss freespace-to-fiber lens
coupling mechanism for changing mirror distances required for variable delay. The
broadband response of the proposed VPDL is presented along with various RF signal
delays for different mirror settings. The proposed VPDL can be useful in applications
using broadband light such as in optical/RF radar controls, tunable optical/RF filters, and
ultra-short pulse laser systems and related signal processors.
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APPENDIX A
SUPPLEMENTARY CALCULATIONS FOR PROPOSED
DISTANCE SENSOR
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This section briefly discusses the working of the Varioptic Arctic 320 liquid lens and
plots the theoretical curves for measurement resolution of the optical distance sensor
presented in Chapter 8. The Varioptic Arctic 320 liquid lens provides data for the focal
length ‘F’ of the liquid lens versus the applied control voltage ‘Vc’. This is plotted in
Fig.A1 (a). Using this data we can plot the smallest step size ‘ ∆F ’ versus ‘F’ for the
smallest voltage step size ∆Vc = 200mV . This is shown in Fig.A1 (b).
From the lens equation it is known that:
DT =

DS F
DS − F

(1A)

The smallest measurable change in distance ‘DT’ of the target from the liquid lens
is‘ ∆DT ’. Using Eq.1A one gets:
d (DT ) (DS − F )DS + DS F
=
d (F )
(DS − F )2

⇒ ∆DT =

(2A)

(D − F )DS + DS F ∆F
d (DT )
× ∆F = S
d (F )
(DS − F )2

,

(3A)

where ∆F depends on ∆V and the value of ‘F’.
Percentage Measurement Resolution =

⇒

D −F
∆DT (DS − F )DS + DS F
(4A)
=
× ∆F × S
2
DT
DS F
(DS − F )

1
∆DT (DS − F )DS + DS F
1 
∆F
=
× ∆F =  +
(DS − F )DS F
DT
 F DS − F 

(5A)

The percentage measurement resolution versus ‘DT’ and ‘Vc’ are plotted in Fig.A2 (a) and
Fig.A2 (b), respectively.
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(a)

(b)

Figure 53 (Fig.A1) Plots of (a) ECVFL focal length ‘F’ versus applied voltage ‘Vc’ and
(b) focal length minimum step ‘ΔF’ versus ‘Vc’.
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(a)

(b)

Figure 54 (Fig.A2) Plots of (a) ECVFL measurement resolution versus DT and (b)
percentage measurement resolution versus ‘Vc’.
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APPENDIX B
DESCRIPTION OF GAIN/SLOPE EQUAIZATION
FOR THE PROPOSED GAIN SLOPE HYBRID EQUALIZER
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This appendix describes the creation of the negative and positive slopes due to the tilt
motion of FL in chapter 6. Fig.B1 shows the normal state where no tilt is applied to FL
and FL is Bragg matched to the grating. This results in all the wavelengths traveling in
line and coupling back into FL completely. Hence no attenuation is incurred to any
component of the broadband spectrum. Therefore no slope is observed. In the optical
band of interest, λH, λC and λL refer to the highest, center, and lowest wavelengths,
respectively.

Figure 55 (Fig.B1) Zero slope state when FL is Bragg matched to the grating.

Next the positive and negative slope states of the proposed hybrid spectral processor are
shown in Fig.B2 and Fig.B3, respectively. Here FL is tilted either left or right (when
viewing the system from the top) from the Bragg matched state, as shown in the figures
next. When FL is tilted to the right, the reflected λH is closer to FL and hence couples
better than λL. This introduces the positive wavelength slope. On the other hand when FL
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is tilted to the left, the reflected λL is closer to FL than λH. Therefore, a negative
wavelength slope is introduced.

Figure 56 (Fig.B2) Positive slope incurred to the broadband signal due to right-handed tilt
applied to the FL.
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Figure 57 (Fig.B3) Negative slope incurred to the broadband signal due to left-handed tilt
applied to the FL.

These figures clearly show the effect of the tilt introduced to the FL with respect to the
perfectly Bragg matched no tilt state.
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APPENDIX C
OPERATION PRINCIPLE OF ELECTROWETTING
TECHNOLOGY-BASED AGILE LENS
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The electrowetting technology-based agile lens uses two liquids. We call them liquid A
and liquid B throughout the text. The interface between the liquids forms an
electronically controlled agile lens where the radius of curvature of the interface
determines the focal length of the agile lens. One of the liquids used is a conductive
liquid (i.e., water) and the other liquid is a non-conductive liquid (i.e., oil). The two
liquids are chosen so that they are immiscible and have approximately equal densities.
The requirement for the two liquids to be immiscible is evident because mixing of the
two liquids is not desirable for the lensing operation. The two liquids are required to have
approximately equal densities so that gravitational pull does not distort the liquid
A/Liquid B interface which remains spherical no matter what the orientation of the agile
lens. The liquids are encased in a transparent glass window on two sides and two annular
electrodes on the sides. One of the electrodes is not insulated and is in contact with the
conducting liquid only while the other electrode is insulated and in contact with both the
liquids. As shown in Fig.C1, the solid angle θ at the liquid interface is given by [B05]:
cos θ =

γ SW − γ SO
,
γ OW

(C1)

where γ notation indicates the surface tension in units of Newtons/m (or N/m) at a given
interface. γSW is the surface tension between the solid electrode and water, γSO is the
surface tension between the solid electrode and oil, and γOW is the surface tension
between oil and water. Eq.C1 gives the natural solid angle θ at the liquid/liquid interface
when no voltage is applied to the agile lens. Next a voltage is applied to the lens and θ
changes according to the following relationship [KH04]:

cosθ =

γ SW − γ SO
εε 0
V 2.
−
γ OW
2γ OW T
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(C2)

where V is the applied voltage in Volts, ε is the unit-less dielectric constant of the
insulating layer, T in meters is the thickness of the insulating layer and ε0 is the
permittivity of free space in units of F/m. One can use C/A=(εε0)/T where C is the
equivalent capacitance between the Electrode/Liquids(A&B) in F/m and A is the surface
area of the insulating layer separating the insulated electrode from the two liquids.

Glass
Water

nWater
V

Oil

nOil

Glass

Water
Oil

γSO

γOW
θ

γSW

Insulating
Layer

Electrode

Figure 58 (Fig.C1) Agile Lensing via Electrowetting Technology with the Application of
External Voltage.
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